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Summary 

 

Diabetic retinopathy (DR), one of the microvascular complications that occurs 

in diabetes mellitus (DM). Diabetic macular oedema (DMO) is a common 

feature of DR and is an important cause of vision loss in people with DM. The 

project starts with a systematic review on the role of dyslipidaemia in the 

development of DMO. Evidence from the cohort studies and meta-analysis of 

the case-control studies suggested a strong relationship between lipid levels 

and DMO, this was not confirmed by the meta-analysis that included only 

prospective randomized control trials. Therefore, given the significant public 

health relevance of the topic, the relationship between lipid levels and DMO 

deserves further investigation. 

A standardized reproducible method for characterizing the morphological 

features of DR specifically DMO observed on high resolution spectral domain 

optical coherence tomography (SD-OCT) was generated and predictive 

markers with potential for use as functional and morphological outcomes in 

clinical trials and studies were identified. The construction of a lexicon for 

grading of OCT in DMO and the validation of unique tomographic biomarkers 

such as disorganization of the inner retinal layers (DRIL), and its association 

with severity of DR is of importance as it has the potential to change the 

approach to counseling and management of the ocular manifestations in 

patients with DM. 
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The prospective study identified key cut off functional points that separate 

normal controls from DM but no DR. While best corrected visual acuity is 

routinely used in clinical practice and was found to be a valuable measure 

that reflected the early visual deficits in DM, near visual acuity and low 

luminance deficit at near which represent more global assessment of 

macular function showed that these were more sensitive to changes that 

occur prior to the development of clinically visible DR and are likely to be of 

value in disease prognosis. 

Finally our analysis showed that RNFL thickness in DM patients may be a 

valuable tool in the assessment of DR even before the appearance of overt 

clinical retinopathy and SD-OCT may serve as useful instrument to closely 

monitor changes in RNFL thickness in early stage of DM. 
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Chapter 1 
____________________________________________________________________________________________ 
 

Introduction 
 
1.1 Diabetes mellitus (DM)  

 
DM is a chronic metabolic disorder that occurs when the pancreas does not 

produce enough insulin or when the body cannot effectively use the insulin it 

produced. Insulin is the hormone that regulates blood sugar in the body.  

Type 1 DM (juvenile or childhood onset) is caused by insufficient insulin 

production and requires daily administration of insulin. Type 2 DM (adult 

onset) results due to the ineffective use of insulin by the body. Type 2 DM 

comprises 90% of people with diabetes in the world 347 million people 

worldwide have DM(Danaei, Finucane et al. 2011). WHO projects that DM 

will be the leading cause of death in 2030(World Health Organization 2011). 

In the Diabetes UK report ‘Diabetes in the UK 2011/2012: Key statistics on 

diabetes’, it is quoted that in 2012, the prevalence of DM in the adult 

population across the UK was 4.45% based on a number of people with 

diabetes of 2.9 million. Poorly controlled DM can result in an array of 

microvascular and macrovascular complications. 
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1.2 Diabetic Retinopathy (DR) 

DR is a microvascular complication of DM and is the leading cause of 

blindness in working age adults around the world. 

1.2.1 Prevalence 

There are few precise contemporary estimates of the worldwide prevalence 

of DR, particularly the severe vision-impairing stages of the disease, 

including proliferative DR (PDR) and diabetic macular oedema (DMO). In a 

pooled analysis that was performed using individual participant level data 

from population-based studies around the world it was estimated that there 

are approximately 93 million people with DR, 17 million with PDR, 21 million 

with DMO, and 28 million with vision threatening DR worldwide (Yau, Rogers 

et al. 2012). A meta-analysis of published population studies from 1990 to 

2012 for the Global Burden of Disease Study 2010 (GBD) yielded estimated 

global regional trends in DR among other causes of moderate and severe 

vision impairment (Leasher, Bourne et al. 2016). Globally in 2010, out of 

overall 32.4 million blind and 191 million visually impaired people, 0.8 million 

were blind and 3.7 million were visually impaired because of DR, with an 

alarming increase of 27% and 64%, respectively, spanning the two decades 

from 1990 to 2010. DR accounted for 2.6% of all blindness in 2010 and 1.9% 

of all MSVI worldwide, increasing from 2.1% and 1.3%, respectively, in 1990 

(Leasher, Bourne et al. 2016). This study concluded that one in every 39 

blind people had blindness due to DR, and 1 in 52 visually impaired people 

had visual impairment due to DR(Leasher, Bourne et al. 2016). 
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1.2.2   Risk factors 

1.2.2.1 Duration of DM  

 
 The Wisconsin Epidemiological Study of DR II (WESDR II)(Klein, Klein et al. 

1984) has reported important epidemiological findings. They found that the 

duration of DM was directly associated with an increased prevalence of DR 

in both type 1 and type 2 DM and that after 20 years of diabetes nearly 99% 

of patients with Type 1 and 60% of patients with Type 2 have some form 

degree of DR (Klein, Klein et al. 1984).  The incidence of DR also increased 

with increased duration. In the WESDR study PDR was notably absent in 

young persons with type 1 DM at the baseline examination but rose 

dramatically within 5 years of enrolment to 27.9 % during which time the 

average duration of DM was 13-14 years. After 15 years of follow up the, 

incidence of developing PDR remained stable (Klein, Klein et al. 1984). 

 

1.2.2.2 Hyperglycemia 

 
Poor metabolic control leads to high levels of glucose in the blood stream a 

condition called hyperglycaemia, which is relevant to the development and 

progression of DR. The Diabetes Control and Complications Trial (DCCT) 

investigated the effect of hyperglycemia in type 1 diabetic patients, as well as 

the incidence of diabetic retinopathy, nephropathy, and neuropathy. A total of 

1,441 patients who had either no retinopathy at baseline (primary prevention 

cohort) or minimal-to-moderate non proliferative DR(NPDR) (secondary 

progression cohort) were treated by either conventional treatment (one or 

two daily injections of insulin) or intensive diabetes management with three 
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or more daily insulin injections or a continuous subcutaneous insulin infusion. 

In the primary prevention cohort   intensive therapy in patients with Insulin 

Dependent DM with no DR at baseline reduced the risk for development of 

DR by 76%.  In the secondary intervention cohort, the intensive group had a 

higher cumulative incidence of sustained progression during the first year. 

However, by 36 months, the intensive group had lower risks of progression. 

Intensive therapy reduced the risk of progression by 54% (The Diabetes 

Control and Complications Trial Research Group 1993). This is supported by 

evidence from United Kingdom prospective diabetes study (UKPDS) who 

came to a similar conclusion that intensive blood glucose control decreased 

the risk of microvascular complications in patients with Type 2 DM. (UK 

Prospective Diabetes Study (UKPDS) Group 1998) . 

 

1.2.2.3   Hypertension  

 
The UKPDS investigated the influence of tight blood pressure control. A total 

of 1,148 hypertensive patients with type 2 diabetes were randomized to less 

tight (<180/105 mmHg) and tight blood pressure control (<150/85 mmHg) 

with the use of an ACE inhibitor or a β-blocker. With a median follow-up of 

8.4 years, patients assigned to tight control had a 34% reduction in 

progression of DR and a 47% reduced risk of deterioration in visual acuity of 

three lines in association with a 10/5 mmHg reduction in blood pressure. In 

addition, there were reductions in deaths related to DM and strokes.  

(UKPDS 38. UK Prospective Diabetes Study Group 1998) .  Another trial, the 

appropriate blood pressure control in diabetes trial was conducted to 

determined whether intensive blood pressure control offered additional 
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benefit over moderate control. Although intensive therapy demonstrated a 

lower incidence of deaths ,there was no difference between the intensive and 

moderate groups with regard to the progression of DR and 

neuropathy(Estacio, Jeffers et al. 2000). A rigorous control of hypertension is 

therefore required to prevent progression of DR. 

 

1.2.2.4 Nephropathy 

 
Kidney disease is a common complication of diabetes and nephropathy is an 

important cause of end-stage renal disease. Albuminuria (increased urine 

albumin excretion) is a hallmark of diabetic kidney disease and is often the 

earliest clinical sign of kidney damage. Diabetic nephropathy is defined by 

clinical albuminuria or overt nephropathy corresponding to protein excretion 

>300 mg/24 h (>200 μg/min or >300 μg/mg of albumin:creatinine ratio) 

(American Diabetes Association 1997) .Therefore, the prevention of kidney 

disease, including albuminuria, is a major therapeutic goal in the care of 

patients with DM(KDOQI 2007). The Diabetes Control and Complications 

Trial (DCCT) had a 6·5 year mean follow-up, and its findings showed that 

intensive diabetes treatment (aimed at lowering glycaemia as close to the 

non-diabetic range as safely possible) reduced the risk of developing 

albuminuria in patients with type 1 diabetes in comparison with conventional 

treatment (aimed at prevention of symptoms of hyperglycaemia and 

hypoglycemia) (The Diabetes Control and Complications Trial Research 

Group 1993). A population based study concluded that microalbuminuria was 

a risk factor for DR in type 1 DM but not for type 2(Pedro, Ramon et al. 

2010). On studying change in the prevalence of DR and renal lesions for 14 
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years in a diabetic population a decrease in the prevalence of DR, overt 

nephropathy, and blindness in Type 1 and 2 patients and microalbuminuria 

only in Type 2 patients was observed (Romero-Aroca, Fernandez-Balart et 

al. 2009). The authors postulated that the decrease of the prevalence may be 

due to the new diagnostic criteria of DM that included a great number of 

patients with glycaemic levels not too high and that may be controlled only by 

diet and in addition the authors think that a better control of DM, exercised by 

general practitioners and endocrinologist, influenced the decrease of patients 

who may develop DR (Romero-Aroca, Fernandez-Balart et al. 2009)  

In other studies raised serum urea and creatinine have been shown to be 

associated with occurrence of DR (el Haddad, Saad 1998).  The foregoing 

highlights the importance of control of renal disease in patients with DM. 

 

1.2.2.5 Body mass index 

 
The evidence supporting a relationship between high body mass index (BMI) 

and increased risk of DR has generally been inconclusive. The WESDR 

reported a non significant association between obesity and progression and 

severity of DR (Klein, Klein et al. 1997). Dirani et al assessed the relationship 

between obesity (including BMI), height, weight, waist and hip circumference, 

and skin fold thickness and the presence of DR and PDR in adults with type I 

or type II DM (Dirani, Xie et al. 2011) . They calculated BMI as weight (in 

kilograms) divided by the height in meters squared (kg/m2) and defined 

obesity was defined as BMI ≥ 30 kg/m2 and concluded that  increased body 

mass index and a high waist to hip ratio, are independent risk factors for DR. 

(Dirani, Xie et al. 2011) .In contrast to WESDR and the study by Dirani et al,  
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the Singapore Malay Eye Study found that those with a high BMI (≥25 kg/m2) 

were significantly less likely to have DR or clinically significant macular 

edema (CSMO)(Lim, Tai et al. 2010).   

 

1.2.2.6 Dyslipidemia 

 
Dyslipidemia has been suggested as a risk factor for the development of 

DMO but remains poorly investigated (Chew, Klein et al. 1996). 

Panagiotoglou et al(Panagiotoglou, Ganotakis et al. 2010) showed that when 

retinal capillaries are leaky in eyes with DR, the extravascular lipoprotein 

deposits causes a loss of function in surrounding retinal cells. These 

extracellular accumulations of lipid and macrophages bind to the lipoproteins 

and form constructs, which are seen on fundus photography as hard 

exudates. It has been postulated that an increase in blood viscosity and 

alterations in the fibrinolytic system occur in hyperlipidemia and lead to the 

formation of hard exudates(Freyberger, Schifferdecker et al. 1994). High 

serum cholesterol levels in DMO are known to cause endothelial dysfunction 

through a local inflammatory response, with consequent release of cytokines 

and growth factor(Landmesser, Hornig et al. 2000). In the Early Treatment 

for Diabetic Retinopathy study (ETDRS), the authors concluded that patients 

with a higher baseline total serum cholesterol, serum low-density lipoprotein 

(LDL) cholesterol, or triglyceride level were twice as likely to have retinal hard 

exudates as patients with normal levels; further, these patients had an 

increased risk of developing hard exudates during the course of the 

study(Chew, Klein et al. 1996). Despite evidence from the cohort studies and 

meta-analysis of the case-control studies suggesting a strong relationship 
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between lipid levels and DMO, this was not confirmed by the meta-analysis 

that included only prospective RCTs(Das, Kerr et al. 2015). Therefore, given 

the significant public health relevance of the topic, the relationship between 

lipid levels and DMO deserves further investigation. 

 

1.2.3 Pathogenesis of DR and Diabetic Macular Oedema (DMO) 

The diabetic microangiopathy displays features of both microvascular 

occlusion and leakage. Exposure to hyperglycaemia over a period of years 

results in a series of haematological and biochemical factors that lead to the 

development of vascular endothelial damage including basement membrane 

thickening, loss of pericytes and capillary non perfusion(Cai, Boulton 2002). 

Recently the focus has been on molecular basis of disease process in DR. 

Hyperglycaemia causes damage to the retinal capillaries by several 

mechanisms that include increased polyol pathway, activation of protein 

kinase C,increased non-enzymatic glycation and generation of reactive 

oxygen species(Cai, Boulton 2002). In addition, variety of growth factors 

have been implicated in the development and progression of DR. Angiogenic 

factors like Vascular endothelial growth factor (VEGF), Insulin-like growth 

factor-I, basic fibroblast growth factor, platelet-derived growth factor, 

hepatocyte growth factor/scatter factor , placenta growth factor , angiopoietin 

2  and pigment epithelium-derived factor have been involved in the process 

of retinal neovascularization (Cai, Boulton 2002)(Figure 1.1). 
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Figure 1.1-Schematic diagram of the pathogenesis of DR. Abbreviations: 

NO, nitric oxide; PGI2, prostacyclin; VEGF vascular endothelial growth 

factor; TGFβ, transforming growth factor beta; AGEs, advanced glycation 

end products; PIGF, placenta growth factor; PEDF, pigment epithelium-

derived factor(Cai, Boulton 2002). 

 

DMO that leads to intraretinal oedema is caused by breakdown of the blood 

retinal barrier of the intraretinal vessels that leads to lipid and protein 

exudation. These exudates do not penetrate the external limiting membrane 

(ELM) and therefore accumulate anteriorly and because of the osmotic 

forces form intraretinal oedema (Bolz, Schmidt-Erfurth et al. 2009). Visual 

Loss in DR can occur due to two main complications PDR and DMO (Moss, 

Klein et al. 1998, Aiello 2003).   
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1.2.4 Classification of DR and DMO 

DR and DMO manifestations may range from minimal to severe.  The 

ETDRS classification system describes a severity classification for DR based 

on features visible on colour fundus photographs(Early Treatment Diabetic 

Retinopathy Study report number 1 1985). A similar approach has also been 

applied to DMO. DR is classified into an early stage NPDR and a more 

advanced stage PDR. The ETDRS scale for DR and the separation of DMO 

into non clinically significant and clinically significant have been extensively 

used to define treatment protocols in the management of patients with ocular 

manifestations of DM (Early Treatment Diabetic Retinopathy Study report 

number 1 1985). 

 

1.2.5 Clinical Features of NPDR 

The retinal microvascular changes that occur in NPDR are limited to the 

confines of the retina and do not extend beyond the Internal limiting 

membrane (ILM) 

• Microanuerysms (MA)- are localised saccular outpouchings of the 

capillary wall and seen frequently in relation to capillary non-perfusion. 

They appear as tiny red dots with sharp margin less than 1/12 the 

diameter of an average optic disc or 125 microns in its longest 

dimension and are the earliest sign of DR (ETDRS report number 10. 

1991) (Figure2). 

• Retinal Haemorrhages-Retinal nerve fiber layer haemorrhages 

appear as flame shaped because of the architecture of the nerve fiber 

layer. Intraretinal haemorrhages are located in the compact middle 
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layers of the retina and appear as ‘dot-blot’ configuration(ETDRS 

report number 10. 1991) (Figure 1.2). 

             

Figure 1.2-Standard Photograph 2B depicting MA and haemorrhages 

(ETDRS report number 10. 1991) 

• Hard exudates-are caused by chronic localized retinal oedema and is 

composed of lipoprotein and lipid filled macrophages located mainly 

within the outer plexiform layer (OPL) of the retina. They appear as 

small white or yellowish white lesions with relatively distinct margins. 

They may be arranged as individual dots, clumps or rings surrounding 

MA(ETDRS report number 10. 1991) (Figure 1.3). 
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Figure 1.3- Standard Photograph 4, severe standard for hard 

exudates(ETDRS report number 10. 1991) 

• Soft exudates/Cotton wool spots- are accumulation of neuronal 

debris within the nerve fiber and are localized superficial swellings in 

the nerve fiber layer. They are round or oval in shape, white, pale 

yellow-white, or greyish-white in colour, and have ill-defined feathery 

edges(ETDRS report number 10. 1991). 

• Intraretinal microvascular abnormalities (IRMA)- are arteriovenous 

shunts, tortuous intraretinal vascular segments, which are seen as fine 

irregular red lines that run from retinal arterioles to venules. (Figure 

1.4)(ETDRS report number 10. 1991). 
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Figure 1.4- Standard Photograph 8B, severe standard for IRMA(ETDRS 

report number 10. 1991) 

• Venous beading-is due to localised increases in venous caliber, which 

sometimes resemble a string of beads (Figure 1.5) (ETDRS report 

number 10. 1991). 

             

Figure 1.5- Standard Photograph 6B, severe standards for venous 

beading(ETDRS report number 10. 1991) 
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1.2.6 Clinical Features of DMO 

 DMO is the term used to describe a characteristic clinical condition that 

develops in persons with DM.  It typically consists of intraretinal accumulation 

of fluid within the macular region of the retina and arises as a consequence 

of failure of the blood-retinal barrier (BRB). Generally edema that is diffuse 

and extends through out the macular retina arises from extensive capillary 

leakage whereas localized oedema is caused by leakage from focal regions 

of microaneurysms and dilated capillaries.  DMO can occur in isolation 

without other signs of microangiopathy in the fundus, therefore it merits being 

classified as a separate entity. In many eyes there is concomitant deposition 

of hard exudates.  DMO causes blurring and distortion of vision that is 

reflected in a reduction in visual acuity. The WESDR found that 20% of 

patients with type 1 DM and 25% of those with type 2 DM will develop DMO 

after 10 years of follow-up(Klein, Klein et al. 1995). 

 

1.2.7 Clinical Features of PDR 

PDR refers to the development of vascular and fibrous tufts that arise from 

the retinal blood vessels and ramify into a network that spreads either within 

the retina or at the interface between the retina and the vitreous. It arises as 

a consequence of retinal hypoxia and as these vessels carry little or no 

pericytes cover are friable and bleed easily. Typically the neovascular 

complexes break through the internal limiting membrane of the retina and 

come to lie in the pre retinal space or protrude into the vitreous. This type of 

neovascularization is referred to as new vessels on the disc (NVD).  When 

neovascularization occurs in regions of the retina remote to the optic disk this 
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is referred to as new vessels elsewhere (NVE) (Figures 1.6 & 1.7)(ETDRS 

report number 10. 1991). 

                

  Figure 1.6- Standard photograph 1.7 showing NVE(ETDRS report number 

10. 1991) 

                

 Figure 1.7- Standard photograph 10C showing NVD(ETDRS report number 

10. 1991) 

Haemorrhage from NVD or NVE can obscure the vitreous gel and cause 

severe sudden vision loss. The vessels themselves can remain within retina, 
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ramify at the vitreoretinal interface or in severe cases extend into  the 

vitreous. Haemorrhages can be preretinal haemorrhage, which is often 

crescentic with a fluid level.   At times the haemorrhage can assume a round 

oval shape, or form linear patches under the internal limiting membrane 

(ETDRS report number 10. 1991). Haemorrhage further forward into the 

vitreous cavity than the preretinal haemorrhage is considered vitreous 

haemorrhage(ETDRS report number 10. 1991)(Figure 1.8). 

               

    Figure 1.8-Standard Photograph 13 showing Preretinal Haemorrhage 

(ETDRS report number 10. 1991) 

 The presence of blood particularly in the macular retina and within the 

vitreous leads to severe loss of vision.   Blood is also inimical to the health of 

the retina. Subsequent development of fibrous bands with consolidation of 

the haemorrhage can result in traction retinal detachment.  
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1.2.8 ETDRS classification of DR and DMO based on Colour Fundus 

Photographs  

NPDR PDR 

No DR Mild – Moderate 

NVD or NVE but extent insufficient to 

meet high risk criteria 

Very mild- Microanuerysms (MA) 

only 

High risk 

• NVD about 1/3 disc area 

• Any NVD with vitreous or 

preretinal haemorrhage 

• NVE greater than ½ disc area 

with vitreous or preretinal 

haemorrhage 

Mild- Any or all of: 

MA, Retinal haemorrhages, 

exudates, cotton wool spots, up to 

the level of moderate NPDR. No 

IRMA or significant beading 

 

Moderate 

• Severe retinal haemorrhages 

in 1-3 quadrants or mild IRMA 

• Significant venous beading 

present in no more than 1 

quadrant 
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• Cotton wool spots commonly 

present 

 
 

Severe The 4-2-1 rule 

• Severe haemorrhages in all 4 

quadrants 

• Significant venous beading in 

2 or more quadrants 

• Moderate IRMA in 1 or more 

quadrants 

 

Clinically significant Macular 

Oedema (CSMO)(Early Treatment 

Diabetic Retinopathy Study report 

number 1 1985) 

• Retinal thickening within 500 

microns of the center of the 

macula 

• Hard exudates within 500 

microns of the center of the 

macula with adjacent retinal 

thickening 

• Retinal thickening of at least 1 

Non clinically significant macular 

oedema 
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Table 1.1- ETDRS classification of DR and DMO based on Colour Fundus 

Photographs (Early Treatment Diabetic Retinopathy Study report number 1 

1985, ETDRS report number 10. 1991) 

1.3 Visual Psychophysics in patients with DM  

1.3.1 Neurodegenerative theory 

Normal vision depends on the normal function of retinal neurons, so vision 

loss in DM must ultimately be explained in terms of altered neuronal function. 

When assessing the functional impact of any retinal pathology in the clinic 

setting we mainly rely on subjective examinations that test visual function. 

The 10–30 year latency in the development of DR after the onset of DM and 

the recognition of early neural changes revealed by electrophysiology and 

visual psychophysics has led to a recent scientific refocusing on the 

processes which may lead to eventual vessel damage and visual loss in 

DM(de Moraes, Layton 2016). However to date relatively little attention has 

been paid to the impact of DM on the neural retina. Instead, most research 

has focussed primarily on retinal vascular changes, with the assumption that 

they cause altered neuronal function and consequently vision loss. However 

an increasing body of evidence is mounting and suggests that alterations in 

neuronal function and viability may also contribute to the pathogenic 

mechanisms of DR and these occur shortly after the onset of DM(Lieth, 

Gardner et al. 2000). This view arises from neurophysiological, psychometric, 

disc area, any part of which is 

within 1 disc diameter of the 

center of the macula 
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histopathological and biochemical observations in humans and experimental 

animals. Therefore while much of the research effort in DR has been focused 

on vascular changes, the mechanisms involved in neurodegeneration are 

now being subjected to greater scrutiny.  

Some of the pathological changes that have been observed are apoptosis of 

the different types of cells within the retina such as ganglion, amacrine, 

horizontal, Muller and photoreceptor cells.  In addition altered glial cell 

reactivity, microglial activation, and disturbed glutamate metabolism have 

been reported in early DM(Barber 2003). When occurring together, these 

changes may be considered as constituting a process of neurodegeneration 

and could explain some of the functional deficits in vision that begin soon 

after the onset of DM (Barber 2003). There are two basic hypotheses that 

account for loss of cells in the neural retina. First, the loss of BRB integrity, 

which initially manifests as an increase in vascular permeability, causes a 

failure to control the composition of the extracellular fluid in the retina, which 

in turn leads to edema and neuronal cell loss(Barber 2003). Alternatively, DM 

has a direct effect on metabolism within the neural retina, leading to an 

increase in apoptosis, which in turn causes breakdown of the BRB(Barber 

2003). It is not clear which hypothesis will be found to be correct, and, in fact, 

it is likely that vascular permeability and neuronal apoptosis are closely 

linked components of DR. However, the gradual loss of neurons suggests 

that progress of the disease is ultimately irreversible, since these cells cannot 

usually be replaced(Barber 2003). A recent review emphasizes that retinal 

neural damage precedes and is a biologically plausible cause of retinal 

vasculopathy later in DM, and suggests that strategies to target it directly 
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could prevent DM induced blindness (de Moraes, Layton 2016). As newer 

approaches to the pathophysiology of DR is being investigated, the question 

as to whether the microvascular damage or the neurodegenerative damage 

is the initiating event is becoming the focus of interest.  

RETINAL FUNCTION 

1.3.2 Distance visual acuity (DVA) 

Psychophysical visual function testing may reflect the neural activity of the 

whole visual pathway, but it is known that psychophysical tests are valuable 

clinical indicators of retinal function derangements induced by the metabolic 

changes secondary to DM(Midena, Vujosevic 2011). DVA is still considered 

the gold standard in clinical practice of vision testing, but it does not entirely 

reflect functional vision, a fact exemplified by the some patients with severe 

DMO have only minimal reductions in DVA (Alkuraya, Kangave et al. 2005) . 

Despite this DVA is the most common functional parameter used in everyday 

patient care. Reasons for its popularity are; familiarity and widespread use, 

easy conduct and interpretation. Functional vision describes the impact of 

sight on the quality of life that represents the patient’s point of view.  

Visual acuity is defined as the “spatial resolving capacity” and measured by 

identifying the angle subtended at the eye by the smallest recognizable 

optotype(Kaiser 2009). Theoretically, this represents macular function, but 

really it represents the state of the entire ocular system, including the 

neuronal system. In practice, measurement of visual acuity is performed 

using specialized eye charts. These charts usually consist of uppercase 

letters arranged in rows with the largest letters at the top of the chart and 
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progressively smaller letters down the chart(Kaiser 2009). Visual acuity 

testing is the “gold standard” for primary outcomes of clinical trials. There are 

numerous charts used for visual acuity testing, but the most common charts 

are the Snellen and ETDRS charts.  

1.2.2.1 Snellen chart 

 

First introduced by Dutch ophthalmologist Dr Hermann Snellen in 1862, the 

Snellen chart is the current standard for measurement of visual acuity in 

clinical practice because it is readily available as well as quick and easy to 

perform. The test is based on letter recognition and is related to the ability to 

resolve a spatial pattern by the centre of vision, located in the fovea 

region(Thibos 1998). 

The chart has letters of different sizes arranged from largest at the top to 

smallest at the bottom, which are read, one eye at a time, at a distance of 6 

meters (20 feet) (Figure 1.9).  
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                       Figure 1.9- Snellen chart 

 

Each letter on the chart subtends an angle of 5 minutes (min) of arc at the 

appropriate testing distance, and each letter part subtends an angle of 1 min 

of arc(Haig 1993). Snellen acuities are usually expressed as a fraction with 

the numerator equal to the distance from the chart and the denominator 

being the size of the smallest line that can be read. The reciprocal of the 

fraction equals the angle, in min of arc, that the stroke of the letter subtends 

on the patient’s eye and is called the minimum angle of resolution (MAR). In 

the United Kingdom, a visual acuity is recorded as 6/6 (e.g., the letter 

subtends an angle of 5 min of arc when viewed at 6 meters. However the 

characteristics of the Snellen chart and related charts have been criticized. 
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The scale is not truly interval in nature and different numbers of letters on 

each line may lead to different legibility due to crowding effects(McGraw, 

Winn et al. 1995). To overcome the deficiencies of the Snellen chart, several 

suggestions have been made to improve chart design and measure visual 

acuity more accurately. Drs Ian Bailey and Jan Lovie first proposed the most 

popular redesign in 1976(Bailey, Lovie 1976).  

1.2.2.2 ETDRS Chart 

 

The Bailey-Lovie chart had the following design features: (1) the letters had 

almost equal legibility, which ensured that letter size was the sole 

determinant of difficulty on a given line. (2) Each row had 5 “Sloan” letters, 

and there were 14 rows of letters (70 letters). The Sloan letters were 

proposed by Dr Sloan in 1952 and are composed of 10 uppercase letters 

formed within a square outline, with a stroke width of one-fifth the letter 

height (C, D, H, K, N, O, R, S, V, Z), and with equal legibility (Sloan, Rowland 

et al. 1952). (3) The Bailey-Lovie chart was further modified in 1982 for use 

in the ETDRS (Figure 1.10) (Ferris, Bailey 1996).  
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Figure 1.10- ETDRS chart from precision vision 

This “ETDRS chart” and the protocol to test vision with this chart have 

become the “gold standard” for most current clinical trials. ETDRS charts 

were theoretically superior to Snellen charts because interpatient differences 

were more accurately measured and longitudinal follow-up measurements 

had more consistent precision, regardless of whether the patients had high or 

low levels of visual acuity (Cotter, Chu et al. 2003).  

The other psychophysical tests that are easily performed exist such as near 

acuity, contrast sensitivity, reading speed, and low luminance acuity at near 

using the SKILL card. We contend that these are better markers for overall 

macular function.(Hogg, Curry et al. 2003, Fong, Barton et al. 1999, Richards 
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1977) 

1.3.3 Contrast sensitivity (CS) 

CS defines the threshold between the visible and invisible, which has 

obvious significance for basic and clinical vision science and determines the 

lowest contrast level which can be detected by a person for a given target 

size(Pelli, Bex 2013). CS measures two variables of contrast and size 

whereas visual acuity measures only size. CS is measured monocularly 

using the Pelli-Robson contrast sensitivity chart (Haag-Streit USA, Mason, 

Ohio, USA), read at 1 meter under standard overhead lighting conditions 

(Figure 1.11) 

 

Figure 1.11- Pelli Robinson CS chart 

Patients are asked to read through each line on the chart until two or three 

letters in a triplet are read incorrectly. The logarithmic contrast sensitivity 
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value of the previous triplet of letters determined the patient’s contrast 

sensitivity score. Data are available that report that visual loss related to 

early vascular damage in patients with diabetes can be detected by changes 

in CS(Di Leo, Caputo et al. 1992, Khosla, Talwar et al. 1991). Arend et al 

found that perifoveal ischaemia was related to decrease on contrast 

sensitivity and suggested that CS could be an early marker to detect early 

ischaemic diabetic maculopathy (Arend, Remky et al. 1997). CS function 

improved after macular laser photocoagulation in patients with 

CSMO(Farahvash, Mahmoudi et al. 2008). However, these studies were 

limited by a small sample size and therefore further studies are required to 

understand the relationship in patients with DM. 

1.3.4 Reading speed  (RS) 

Despite significant changes in the treatment of common eye conditions like 

cataract and age-related macular degeneration, reading difficulty remains the 

most common complaint of patients referred for low vision services and 

patients are often unhappy with their quality of vision despite good recorded 

DVA(Rubin 2013). Patients may perform well in identifying a single optotype, 

but faced by the task of reading words or entire paragraphs, they often 

demonstrate far greater difficulties. In order to assess a patient's ability to 

perform daily tasks, which include reading full texts, they are asked to read 

sentences off reading cards. A recent study looked at the factors that may 

affect RS in patients with DMO previously treated with laser 

photocoagulation(Pearce, Sivaprasad et al. 2014). They concluded that 

reduced retinal sensitivity after laser treatment was associated with reduced 

reading speed in patients with DMO(Pearce, Sivaprasad et al. 2014). The 
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reading acuity depends on the foveal function and is unlikely to be affected if 

the fovea is not involved akin to DVA which also estimates foveal function 

only (Pearce, Sivaprasad et al. 2014) and this study emphasizes the 

importance of measuring reading speed in patients with DMO. Another study 

identified changes in retinal function and structure in persons with PDR, 

including the effects of panretinal photocoagulation (PRP)(Boynton, Stem et 

al. 2015). They found that reading acuity, which measures the smallest font 

persons can read accurately, was reduced by in treated and untreated 

patients with PDR compared to controls(Boynton, Stem et al. 2015). There is 

very limited evidence in literature regarding the effect of DR and DMO on 

reading index that is perhaps critical parameter for assessing the quality of 

life and the influence on the ability to perform daily tasks. 

1.3.5 Smith-Kettlewell Low Luminance (SKILL) Card 

THE SKILL card (figure 1.12a-b) was designed to provide a simple, rapid, 

and inexpensive test to assess near spatial vision at high and low contrasts 

and luminances at near(Haegerstrom-Portnoy, Brabyn et al. 1997). The test 

uses a card with high contrast black-on-white letter chart on one side and a 

low-contrast chart of dark letters on a dark gray background designed to 

simulate a reduced luminance condition, on the reverse side (Figures 1.12 a 

& b). Almost one-third of patients with DR and a few with evidently advanced 

stages have no symptoms or signs of reduced vision detected in visual 

screening in clinics using standard DVA(McCarty, Lloyd-Smith et al. 1998). 

As a result, these patients may remain unidentified as at risk and not 

followed up appropriately. This translates into a demand for more sensitive 

and specific methods that can detect the early changes to retinal function in 
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DM. Dhamdere et al in a recent study concluded that the SKILL Card 

demonstrated vision function changes in DM even in the absence of clinically 

evident DR and that DR led to a further increase in the SKILL score, while 

high-contrast VA remained unchanged (Dhamdhere, Schneck et al. 2014). 

The test may prove useful in screening patients with DM.  

 

       Figure 1.12 a- SKILL card light chart 

 

          Figure 1.12 b- SKILL card dark chart 
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1.3.6 Microperimetry 

 

Functional tests that map to specific retinal locations are now gaining 

popularity. Perimetry, the quantification of visual field is an important 

diagnostic examination in ophthalmology. The quantification of retinal 

thresholds, that is, the evaluation of retinal sensitivity, is commonly based on 

visual field testing. Conventional visual field testing does not allow to detect 

small scotomas or mild changes in retinal sensitivity, especially when retinal 

fixation is altered, which is a typical finding of patients affected by 

maculopathies of different origins(Midena, Bini 2016). With the development 

of fundus perimetry or microperimetry and the convenience of being able to 

document precise test location on retina as well as compensate for eye 

movements, visual field can be tested in patients with macular 

pathologies(Rohrschneider, Bultmann et al. 2008). Microperimetry combines 

retinal imaging, retinal sensitivity, and fixation pattern tests(Rohrschneider, 

Bultmann et al. 2008). The MP1 (Nidek Technologies, Padova, Italy) was the 

first commercially available microperimeter combining a fundus image with a 

retinal eye tracker and uses an internal LCD monitor to display the stimuli 

with a maximum luminosity of 400 asb(Midena, Radin et al. 2004). A new 

microperimeter has been introduced in clinical practice, the Macular Integrity 

assessment (MAIA CenterVue, Padova, Italy) uses a scanning laser 

ophthalmoscope to image the retina and projects a Goldman III size stimulus 

directly on the retina by means of a white LED at different light intensities 

(Crossland, Jackson et al. 2012). Microperimetry with eye tracker has been 

used for more than a decade in the assessment of macular pathologies to 
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precisely quantify macular sensitivity and fixation stability (FS) (Midena, 

Radin et al. 2004). The maximum and minimum light intensity projected is 

1000 and 0.25 asb corresponding to 0 and 36 dB of the retinal threshold 

sensitivity (RS), respectively. The eye-tracker speed is 25 Hz. The light RS 

test is simultaneously performed with the fixation test superimposing the 

results over the surface of the retinal image, with the resultant excellent 

correlation of anatomic and functional outcomes. The light RS test is a 

subjective examination similar to the Standard Automatic Perimeter where 

light stimuli are shown at different light intensities, stimulating different areas 

of the retina several times according to selectable grid patterns. (Figure 1.13) 

 

Figure 1.13- MAIA output showing the light stimuli on different areas of the 

retina 

 

Studies have reported significantly reduced mean retinal sensitivity (RS) and 

retinal thickness in subjects with DM without DR and related it to neuronal 

damage (Verma, Rani et al. 2009, Gella, Raman et al. 2015). Mean RS was 

significantly noted to be reduced with increase in the severity of DR and it 

also detected the early loss of retinal sensitivity in subjects with DM but no 
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DR (Nittala, Gella et al. 2012). Few studies have correlated different types of 

retinal morphological alterations on spectral domain optical coherence 

tomography (SD-OCT) secondary to diabetic macular disease with retinal 

function on microperimerty(Deak, Bolz et al. 2010, Yohannan, Bittencourt et 

al. 2013, Cennamo, Vecchio et al. 2015). Deak et al concluded that in DMO, 

serous detachments and large ONL cysts are the morphological changes 

with greatest negative impact on retinal function (Deak, Bolz et al. 2010). 

Disruption of the photoreceptor inner segment/outersegment junction 

correlated with significant decrease in point sensitivity in eyes with DMO 

(Yohannan, Bittencourt et al. 2013). In eyes with DR, retinal sensitivity was 

noted to be reduced due to presence of hard exudates in the outer retinal 

layers and retinal thickening but did not correlate with the size of the hard 

exudates(Raman, Nittala et al. 2015). Studies observed correlation of the 

microperimeter-determined retinal sensitivity to DVA and foveal thickness on 

OCT and concluded that the retinal sensitivities obtained by fundus-related 

microperimetry may be another measure that can be used to assess the 

effects of DMO(Okada, Yamamoto et al. 2006, Vujosevic, Midena et al. 

2006). Moreover, several authors have used microperimetry as an additional 

tool to measure the treatment outcomes (laser therapy or intravitreal 

injections), as adjunctive information other than DVA alone, which is often 

insufficient, and retinal thickness(Vujosevic, Berton et al. 2016, 

Mastropasqua, Toto et al. 2015, Reznicek, Cserhati et al. 2013, Raman, 

Santhanam et al. 2015). A recent review deemed it is crucial to determine the 

area of fixation by means of microperimetry, in order to preserve it and avoid 

an inappropriate laser photocoagulation when performed(Midena, Bini 2016). 
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This shows that correlation among these morphological parameters on OCT 

and DVA to retinal function can aid in the planning a targeted treatment. 

 

1.3.7 Frequency Doubling Threshold perimetry (FDT) 

 

Psychophysical tests done in patients with DM and NPDR have reported 

selective loss of short wavelength cone photoreceptor cells(Greenstein, 

Hood et al. 1989). Short wavelength automated perimetry showed improved 

sensitivity in a study for detection of CSMO (Hudson, Flanagan et al. 1998). 

Jackson et al in their study tested whether patients with DM and patients with 

NPDR exhibit greater impairment of inner retinal visual function compared 

with photoreceptor-mediated visual function(Jackson, Scott et al. 2012). They 

used FDT Matrix perimeter (Carl Zeiss Meditec, Dublin, California, USA) to 

measure the FDT 24-2 visual field and CS to characterize the inner retinal 

function. Ganglion cell function is thought to be primarily responsible for FDT 

.The Matrix stimulus is a 0.25 cycles per degree sinusoidal grating which is 

phase reversed at 18 Hz. The grating appears to have twice as many 

alternating light and dark bars than are actually present. The minimum 

contrast threshold of the 5.08-diameter stimulus is measured at each of the 

55 test locations (Jackson, Scott et al. 2012). The frequency doubling illusion 

on which FDT perimetry is based is thought to arise in the magnocellular and 

be ganglion cell dependent(Jackson, Scott et al. 2012). Results from FDT 

perimetry are reported using decibels of sensitivity. FDT perimetry has a 

manufacturer-provided internal normative database. The global indices that 

are reported are the mean deviation (MD) and pattern standard deviation 
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(PSD). Mean deviation (MD) reports the amount the entire field deviates from 

normal, and pattern standard deviation (PSD) demonstrates irregularities 

within the field such as a localized defect(Johnson CA, Cioffi GA, Van 

Buskirk EM. 1998/1999) (Figure 1.14).  

                      

 

                 Figure 1.14-FDT output showing MD and PSD 

Jackson et al observed decreased mean sensitivity in the presence of 

NPDR(Jackson, Scott et al. 2012). FDT can detect retinal dysfunctions in 

diabetic patients prior to the onset of significant vascular 

complications(Pinilla, Ferreras et al. 2013, Parravano, Oddone et al. 2013). 

Patients with untreated PDR exhibited inner retinal dysfunction, as evidenced 

by reduced FDT performance (Boynton, Stem et al. 2015).  
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1.4 Retinal morphology   

1.4.1 Colour fundus imaging 

While slit lamp biomicroscopy is commonly used to diagnose DR and DMO, 

capture of the images of the fundus followed by close review of the images 

has found to be a more effective tool than slit lamp biomicroscopy in 

screening patients with DR(P F Sharp , J Olson, F Strachan, J Hipwell,A 

Ludbrook, M O'Donell, S Wallace, K Goatman, A Grant,N Waugh, K 

McHardy, JV Forrester 2003).  Initially images were captured on 35 mm 

colour film and in stereoscopic mode (two images captured with the field of 

view slightly altered in the horizontal axis) to allow stereoscopic display.    

The ETDRS 7-standard field protocol for evaluation of DR is the commonly 

used methods with capture of stereoscopic pairs images of the central and 

mid equatorial retina (Early Treatment Diabetic Retinopathy Study report 

number 1 1985).  With improved digital imaging with high resolution display 

and confirmation of comparable agreement (Gangaputra, Almukhtar et al. 

2011, Li, Danis et al. 2011), the use of analogue techniques have waned and 

currently all studies and trials use digital image capture and display.   . 

1.4.2 Spectral domain Optical coherence tomography(SD-OCT) 

Until recently, stereoscopic fundus photography and slit-lamp biomicroscopy 

were the main tools used to diagnose macular oedema(Rand, Prud'homme 

et al. 1985). OCT is a diagnostic technique, which uses optical 

interferometry, analogous to B-scan ultrasound, and provides high-resolution 

cross-sectional images(Hee, Puliafito et al. 1998). With recent improvements 

in OCT technology, imaging outputs are of such high quality that it is 
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increasingly used in the management of patients with DMO. It is now 

recognized as an objective and reliable tool to assess retinal thickness with 

higher sensitivity and specificity than stereoscopic photography or clinical 

examination (Olson, Sharp et al. 2013)(Diabetic Retinopathy Clinical 

Research Network, Krzystolik et al. 2007). The automated analysis of retinal 

thickness has also been widely accepted as many commercial systems 

provide 3 dimensional maps and outputs of overall retinal thickness. OCT 

also permits characterization of the pathological features on a retinal layer-

by-layer basis, which requires more sophisticated segmentation approaches 

and few centers have this level of expertise. A recent Cochrane review 

concluded that retinal thickness alone measured by tomography couldn’t be 

used as a stand-alone test to diagnose clinically significant CSMO (Virgili, 

Menchini et al. 2011) . The review observed that although OCT may suggest 

macular thickening in excess of normality earlier than clinical examination, 

many such cases do not progress to overt DMO (Virgili, Menchini et al. 2011) 

. However the review examined studies that used time domain tomographers 

with low resolution and suffered from variation in the reproducibility of 

thickness estimations. The review was updated recently and the authors 

found that the central retinal thickness measured by OCT was not sufficient 

to diagnose central type of CSMO, however as OCT is increasingly available 

and its precision and ability to inform on retinal layer structure, it is widely 

recognised as new reference standard for diagnosing DMO (Virgili, Menchini 

et al. 2015) . 

 SD-OCT was developed in 2006 allowing for higher resolution at 

simultaneously increased scanning speed and provides the best visualization 
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of retinal architecture(Arevalo, Lasave et al. 2013). The advantages are 

improved image quality of retina and coverage and 3D imaging(Arevalo, 

Lasave et al. 2013). SD- OCT with superior resolution and reproducibility has 

resulted in improved ability to differentiate early DMO from normality (figure 

1.15).  

 

Figure 1.15- SD-OCT image showing features of DMO. 

Morphological changes in the individual retinal layers on SD-OCT in 

DMO 

Cross sectional studies of DMO morphology by OCT have suggested that it 

is possible to segregate eyes into distinct patterns. Four such patterns have 

been described and include sponge like retinal swelling, cystoid macular 

oedema, serous retinal detachment and tractional retinal detachment (Otani, 

Kishi et al. 1999, Kim, Smith et al. 2006). A classification based on 

pathophysiological development of DMO using enhanced OCT has been 

suggested(Soliman, Sander et al. 2007). An increase in fluorescein leakage 

without thickening of the retinal layers in OCT can be observed that is 

secondary to elevated osmotic pressure due to accumulation of extravasated 

proteins(Soliman, Sander et al. 2007). The thickening of the outer nuclear 
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layer (ONL) can be seen as intraretinal fluid increases followed by cystoid 

appearance initially in the ONL, later proceeding to inner nuclear layer (INL). 

The authors also commented that in the later stages ELM is affected that 

might lead to localised retinal sensory detachment(Soliman, Sander et al. 

2007). Furthermore the lesions may be located to individual retinal layers, 

and one such study has identified hyper reflective foci within the walls of the 

MA of the retina with the authors suggesting that they represent extravasated 

lipoproteins and might represent subclinical initial steps in the development 

of intraretinal hard exudates(Bolz, Schmidt-Erfurth et al. 2009). Similarly, the 

hyper reflective dots on SD-OCT were associated with subfoveal deposition 

of hard exudates during follow up of patients with DMO and serous retinal 

detachment (Ota, Nishijima et al. 2010). MA with the ring sign was positively 

correlated with nearby cystoid spaces and protrusion into cystoid spaces 

(Horii, Murakami et al. 2010). The authors postulated that high resolution 

OCT would delineate all MA and provide most useful information at the 

diagnosis of DR and that if the blood from ruptured MA flowed into the 

cystoid spaces it would signify the pathophysiological mechanism of 

breakdown of BRB, which is an important cause in the development of 

DMO(Horii, Murakami et al. 2010). Recently, studies have found complete 

resolution of all hyperreflective spots suggesting a decrease in MA following 

laser photocoagulation that suggested that in future SD-OCT could replace 

fluorescein angiography to evaluate treatment efficacy of DMO(Lee, 

Chhablani et al. 2013, Yamada, Suzuma et al. 2013). Murakami T et 

al(Murakami, Nishijima et al. 2012) observed patients with CSMO and 

characteristics of photoreceptor layer on SD-OCT and found that cystoid 
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spaces in the OPL were accompanied by photoreceptor damage beneath the 

cystoid spaces in DMO. The same authors studied the relationship between 

fluorescence levels on fluorescein angiography images and characteristics 

on SD-OCT images in DMO and concluded that the correlation between the 

fluorescence levels and retinal thickness suggested that the vascular 

hyperpermeability in the perifovea contributed to the pathogenesis of foveal 

SRD in DMO(Murakami, Uji et al. 2013). Currently it is not known if these 

different patterns represent progression along a natural history scale or 

whether they are distinct pathological variants. There is also no data on 

which retinal layers are first affected.  Neither there been a systematic 

attempt to correlate these structural variants with markers of visual function.  

Better characterization is needed to identify features of early DMO that are 

robust markers for progression as some of the features that suggest early 

pathology appear to be non progressive. 

 Outer retinal layer morphology using SD-OCT in DMO 

OCT has been used in many studies to visualize the retinal architecture and 

evaluate the various treatment methods as well as resolution of macular 

oedema. The authors in a recent study showed only a modest relationship 

between central retinal thickness on OCT and visual acuity(Diabetic 

Retinopathy Clinical Research Network, Browning et al. 2007). They found 

that many eyes with thickened macula had good visual acuity, and many 

eyes with thin macula had poor visual acuity. It appears that the macular 

function improvement could possibly lag behind the recovery of foveal 

thickness(Terasaki, Kojima et al. 2003). The advent of SD-OCT has 

enabled detection of previously unseen morphological changes in the retina 
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such as ellipsoid zone (EZ) and ELM and studies have shown that the 

integrity of the EZ and ELM is associated with visual function in diseases 

such as branch retinal venous occlusion and age related macular 

degeneration (Ota, Tsujikawa et al. 2007, Oishi, Hata et al. 2010). 

Photoreceptor outer segments thickness was quantified and found to be 

associated with visual acuity in DMO(Forooghian, Stetson et al. 2010). The 

transverse length and the percentage of disrupted or absent EZ length have 

been related to visual impairment in DMO (Murakami, Nishijima et al. 2012, 

Maheshwary, Oster et al. 2010). The integrity of the EZ and ELM correlated 

more strongly with visual acuity than central subfield thickness in 

DMO(Otani, Yamaguchi et al. 2010). The status of the ELM was seen to be 

closely related to visual acuity and was suggested to be a good predictor for 

treatment of DMO(Ito, Miyamoto et al. 2013). (Figures 1.16 and 1.17). 

Limitations of these studies include their small sample sizes, retrospective 

nature and use of only one metric of function namely DVA. 

 

         Figure 1.16- SD-OCT showing DMO intact ELM and EZ. 
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Figure 1.17- SD-OCT image showing DMO with extensively disrupted ELM 

and EZ. 

Inner retinal layer disorganization  (DRIL) on SD OCT 

          Sun et al have investigated DRIL as a surrogate marker that seems to be 

correlated with current VA in individuals with existing or resolved center-

involved DMO and concluded that change in DRIL predicts future change in 

VA(Sun, Lin et al. 2014, Sun, Radwan et al. 2015). DRIL was defined as the 

horizontal extent in microns for which any boundaries be- tween the ganglion 

cell–inner plexiform layer complex, inner nuclear layer, and OPL could not be 

identified(Sun, Lin et al. 2014) (Figure 18). The finding of DRIL was assessed 

independently of and was not graded differently in the presence of retinal 

edema, intraretinal cysts, or any other SD-OCT–evident pathology. Further 

studies are therefore required to confirm DRIL as a noninvasive predictive 

morphological marker of future VA in eyes with DMO. 
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      Figure 18- SD-OCT image showing area of DRIL. 

        The choroid in DR /DMO  

The choroid is the posterior part of the uvea, the middle tunic of the eye. It 

consists mostly of blood vessels and supplies oxygen and nutrients to the 

outer third of the retina. The vascular layer of the choroid is composed of 

outer Haller's layer of large blood vessels and the inner Sattler's layer of 

medium and small arteries and arterioles that feed the capillary network, and 

veins(Nickla, Wallman 2010). As there is no retinal vasculature in the fovea, 

impairment of choriocapillaries may cause functional damage to retinal cells 

in the fovea. A study of Doppler Flowmetry has shown decreased choroidal 

blood flow in early stage of DR and much more decreased in the presence of 

DMO(Nagaoka, Kitaya et al. 2004) 

Enhanced Depth Imaging OCT (EDI-OCT) 

Recently a new approach to improve the depth imaging of choroid in SD-

OCT termed enhanced depth imaging of the choroid (EDI-OCT) has been 

shown to reliably image the full thickness of the choroid(Spaide, Koizumi et 

al. 2008). EDI- OCT uses SD-OCT positioned closer to the eye than usual, 

so that an inverted image is produced, by which the sensitivity of imaging in 

the deeper layers of the tissue is increased. With EDI-OCT, now able to 
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reveal the choroidal structure, there has been considerable interest in 

choroidal morphology in DR(Adhi, Brewer et al. 2013, Kim, Lee et al. 2013, 

Querques, Lattanzio et al. 2012). However evidence is conflicting in some 

(Adhi, Brewer et al. 2013, Querques, Lattanzio et al. 2012)reporting that the 

choroid is thinner in PDR and DMO, while others have found the subfoveal 

choroid to be thicker in eyes with DMO(Kim, Lee et al. 2013). The small 

sample sizes and cross sectional nature of these studies make their findings 

difficult to interpret and thus better longitudinal studies are required to 

investigate the relationship between choroidal morphology and DR and 

DMO. Apart from studies involving choroidal thickness, recently the 

application of image binarization of choroid structures to study the structures 

within the choroid and their changes has generated interest in assessing the 

choroid in patients with DM (Tan, Laude et al. 2016). Choroidal vascular 

index (CVI) is a measure of the choroidal vasculature is gaining popularity as 

a novel tool to assess the vascular status of the choroid in DR (Tan, Laude et 

al. 2016, Agrawal, Wei et al. 2017). The authors of a recent pilot study 

concluded that eyes with DR showed an increase in subfoveal thickness and 

was found to have lesser CVI as compared to those without DR (Tan, Laude 

et al. 2016). 

1.4.3 OCT Angiography (OCT-A)  

OCTA is a relatively new, dye-less, depth resolved technique that has the 

capability to advance our understanding of diabetic eye disease by providing 

high-resolution images of retinal and choroidal microvasculature blood flow 

and structure (Savastano, Lumbroso et al. 2015, Spaide, Klancnik et al. 

2015). The use of the split-spectrum amplitude decorrelation angiography  



 44 

algorithm(Jia, Tan et al. 2012) improves the signal to noise ratio of flow 

detection; thus the application of this algorithm in OCTA can assist 

visualization retinal vasculature (Jia, Bailey et al. 2014). Fundus fluorescein 

angiography (FA) is an invasive test for evaluating patients with DR that 

requires intravenous administration of dye and imaging for at least10-15 

minutes. FA provides two-dimensional image sets that allow dynamic 

visualization of blood flow with a wide field of view; therefore, patterns of dye 

leakage, pooling, and staining can be appreciated and are well documented 

in the literature (Witmer, Parlitsis et al. 2013). In the retinal vasculature, 

foveal vessels organize in two plexus: a superficial net running in the nerve 

fibre and ganglion cell layers, and a deep more complex and denser plexus 

consisting of smaller calibre capillaries, running through the inner nuclear 

layer(Bird, Weale 1974). However, FA cannot separately visualize the 

intraretinal structures of major capillary networks; the images of superficial 

and deep capillaries overlap, so 2 of the 3 major capillary networks 

(superficial retinal, deep retinal and choriocapillaries) do not appear to be 

imaged well despite the retina being a nearly transparent structure(Chalam, 

Sambhav 2016). Moreover, the fluorescein dye poses unpredictable risks, 

including nausea and allergic reactions, up to anaphylaxis in rare 

instances(Kwan, Barry et al. 2006).  

However, OCTA can image all layers of the retinal vasculature without dye 

injection (Figures 1.19 and 1.20). Therefore, OCTA, and the findings 

generated, have the potential to affect clinical evaluation of the retina in 

healthy patients and patients with disease(Spaide, Klancnik et al. 2015).  
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Figure 1.19- Superficial capillary plexus shows areas of capillary drop out. 

 

 

Figure 1.20- Deep vascular plexus delineating the capillary drop out area 
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OCT A in DR does not show leakage but can better delineate areas of 

capillary dropout and detect early retinal neovascularization(Hwang, Jia et al. 

2015). Ishibazawa et al reported that OCTA could clearly visualize MA and 

areas of retinal non-perfusion enabling closer observation of each layer of 

the retinal capillaries; therefore OCTA may be clinically useful to evaluate the 

microvascular status and effectiveness of treatments for DR (Ishibazawa, 

Nagaoka et al. 2015). Agemy et al (Agemy, Scripsema et al. 2015)described 

progressive changes in DR as an easy quantitative interpretation of changes 

in retinal vascularity and have shown a significant decrease in retinal 

capillary perfusion density with increase in severity of DR. Takase et al have 

also reported variations in the Foveal avascular zone (FAZ) areas in diabetic 

eyes with and without DR and found significant FAZ enlargement compared 

to healthy eyes, irrespective of the presence of DR(Takase, Nozaki et al. 

2015). OCTA is an evolving field and the fact that it can detect flow 

compromise, prior to the appearance of clinically meaningful changes is 

intriguing. Further studies are required in larger cohorts to establish the 

possible association between retinal flow compromise and it’s bearing on 

retinal pathologies. 

 

1.4.4 Ultra wide field imaging –OPTOMAP 

The Diabetic Retinopathy Study detailed a method of acquiring images of 

retinal periphery for evaluating DR using ETDRS 7-standard field 

protocol(Diabetic retinopathy study. Report Number 6. Design, methods, and 

baseline results. Report Number 7. A modification of the Airlie House 

classification of diabetic retinopathy. Prepared by the Diabetic Retinopathy. 
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1981). Although images in the midperiphery are viewed very well with this 

protocol, the structures in the far periphery cannot be visualized. 

In 2000, the Optomap (Optos PLC, Dunfermline, Fife, Scotland, UK) 

noncontact camera was launched as a device producing an ultra-wide field 

angle image (200 degree internal field of view), equating to 82.5% of the total 

retinal surface area. The Optomap allows detection of pathologies in 

locations that would otherwise be missed when using an indirect 

ophthalmoscope or using a standard fundus camera image. The Optomap 

images are achieved by using a scanning laser ophthalmoscope together 

with an ellipsoid mirror to obtain images of the retinal periphery.  A red (633 

nm) and green (523 nm) laser is used to scan the retina and obtain the 

images allowing the separation of images into individual channels. The red 

and green laser used to capture an Optomap image produces a pseudocolor 

image of the retina, in other words a ‘fake’ image which doesn’t give a true 

representation of the retina compared to the image produced by a traditional 

fundus camera. The green (red-free) component depicts the retina and its 

vasculature, whereas the red component highlights deeper structures (Figure 

1.21).  
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Figure 1.21-Optomap wide field imaging showing changes of DR. 

Apart from obtaining fundus photographs, the Optomap is also capable of 

producing high-resolution FA images of the retinal periphery. Fundus auto 

fluorescence in the Optos camera uses the green 532-nm laser for excitation 

and a 570-nm to 780-nm emission filter to detect auto fluorescence from 

lipofuscin(Nagiel, Lalane et al. 2016). The Optomap offers many advantages 

including; an increased depth of the retina is captured in a single image 

overcoming the anatomical curved nature of the retina that the standard 

fundus photography faces. Furthermore, Optomap images unlike standard 

fundus photography can capture a 200 degree image of the posterior pole to 

the periphery without the need of dilation. This not only reduces the number 

of images required but also decreases patient exposure to light and patient 
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waiting times. Optomap wide field imaging covers substantial areas of retina 

traditionally not visualized by the EDRS 7-standard fields, allowing the 

simultaneous evaluation of posterior pole and the retinal periphery in a single 

image. Several studies have compared UWF pseudocolor images of DR and 

seven-standard field photography (Kernt, Hadi et al. 2012, Rasmussen, Broe 

et al. 2015, Silva, Cavallerano et al. 2012). The importance of identifying DR 

lesions outside the coverage of ETDRS 7-standard fields and assessing 

whether this identification adds substantially to determining DR severity level 

has not been fully evaluated. A study by Silva PS(Silva, Cavallerano et al. 

2013) concluded that mydriatic ultrawide field imaging identifies substantially 

more diabetic retinal vascular pathology even without the use of fluorescein 

angiography. The authors concluded that presence and increasing extent of 

predominantly peripheral lesions outside the standard seven fields were 

associated with increased risk of DR progression over 4 years, independent 

of baseline DR severity and HbA1c levels(Silva, Cavallerano et al. 2015). 

Another study evaluated the use of Ultra wide field fluorescein angiography 

to visualize retinal pathology in patients with DR and compared it with 

standard 7-field photography and concluded that ultrawide field fluorescein 

imaging revealed significant more retinal vascular pathology in DR(Wessel, 

Aaker et al. 2012).  

These findings demonstrate that detailed peripheral retinal evaluation 

provides important information that is necessary to assess completely the 

risk of DR progression.  
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In summary understanding the relationships between observable clinical 

features, tomographically ascertained retinal morphology and detailed 

psychophysical mapped retinal function will improve our understanding of the 

pathogenesis of DR and DMO, elucidate the relationships between function 

and morphology, suggest markers for noninvasive monitoring that could 

predict development of disease, help develop a lexicon for the newer imaging 

modalities, and improve patient counseling and case selection when 

considering treatment. 

1.5 Aims of the research project 

The main aim of this project is  

• To systematically develop and validate a standardized method of 

describing the structural abnormalities in the macular retina on SD 

OCT in patients with type 1 or type 2 DM and to relate these to clinical 

measures of macular function. 

Specific inter-related objectives include 

• To construct a lexicon to describe the tomographic features of DMO 

and develop a severity scale for accurate assessment of presence 

and severity of DMO 

• To determine and characterize SD-OCT correlates for DMO 

• To study choroidal morphology in patients with DR and without DR 

and to compare this with a concurrently recruited group of age-

matched controls without DM. 

• To systematically relate retinal function (VA, near visual acuity, 
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reading speed, low luminance acuity, contrast sensitivity, 

microperimetry and FDT) to tomographic descriptors and metrics. 

• To correlate DR and DMO phenotypes to biomarkers of the diabetic 

state. 
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Chapter 2 

Methodology 
 
 

2.1. Introduction 

The pathogenesis and development of Diabetic macular oedema (DMO) can 

be attributed to a multifactorial aetiology and raised serum lipid levels have 

been reported as a risk factor for development of DMO (Benarous, Sasongko 

et al. 2011, Diep, Tsui 2013). Clinically, the morphology of DMO can be 

assessed by newer noninvasive, readily performed imaging modality of 

spectral domain–optical coherence tomography (SD-OCT) that provides 

reliable, high-resolution imaging of retinal anatomy and quantification of 

central retinal thickness (Virgili, Menchini et al. 2015). However, no reliable 

methods exist to determine which individuals with DMO will gain or lose 

vision over time, making such predictive biomarkers a major unmet need 

(Sun, Lin et al. 2014).  

This chapter describes the methodologies that underpin the key aims of this 

thesis. Initially evidence from literature comprising of a systematic review on 

the role of dyslipidaemia in the development of DMO was sought. In the 

second stage the morphology of DMO was evaluated by studying the 

relationships between previously published standardized grading of DR i.e., 

using the Early treatment Diabetic Retinopathy Study (ETDRS) severity 

grading with the more novel outputs SD-OCT and association with visual 
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acuity (VA). The aim was to develop a structured grading and to identify 

potential markers of importance for the prediction of functional and 

morphological outcomes in clinical trials and studies. The evidence gathered 

were then used in the prospective study where DR and DMO will be studied 

using high-resolution retinal imaging and an expanded range of functional 

tests. The study sample consists of persons with DM but without any overt 

signs of disease, those with DR and or DMO and age-matched normal non 

diabetic persons in order to understand the pathogenesis of DR and DMO 

and to explore whether there unique risk factors to DMO. This study will also 

examine the longitudinal relationships with changing patterns of morphology 

and visual function in DMO following treatment with anti Vascular Endothelial 

Growth Factor (Anti-VEGF) therapies. A detailed methodology of the stages 

of acquiring the evidence and the implementation are described below.   

 

2.2. Methodology of systematic review and meta-analysis of role of 

dyslipidaemia in DMO 

2.2.1. Eligibility criteria 

The eligibility criteria were any study reporting associations between blood 

lipid levels and DMO in humans and included (a) randomized controlled trials 

(RCTs), (b) cohort or case-control, or (c) cross-sectional studies. Studies that 

could be included had to define DMO according to the ETDRS  (Early 

Treatment Diabetic Retinopathy Study report number 1 1985) definitions.  

2.2.2. Outcome measures  
 
The main outcome we studied was DMO as detected by color fundus 

photography and reported according to the ETDRS grading protocol (Early 
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Treatment Diabetic Retinopathy Study report number 1 1985). The outcome 

data we used for analysis was the prevalence of DMO or the progression of 

DMO from baseline, and the relative risk from each group in the clinical trials 

was measured.  

A secondary outcome was the reduction in hard exudates as detected by 

color fundus photography and graded according to the ETDRS protocol 

(Early Treatment Diabetic Retinopathy Study report number 1 1985). The 

progression of hard exudates from baseline and measurement the relative 

risk from each group in the clinical trials was recorded.  

2.2.3. Search strategy 
 
A systematic review and meta-analysis of studies that evaluated the 

association between dyslipidemia and DMO was carried out. A literature 

search was performed using the electronic databases of MEDLINE, PubMed, 

and Embase from inception to September 2014 (last date searched) without 

language restriction. A combination of key words such as Macular edema/ 

Macular oedema/Diabetic macular edema/ Diabetic macular 

oedema/Diabetic Retinopathy/ Diabetic maculopathy/Clinically significant 

macular edema were searched and were systematically combined using the 

“AND” Boolean operator with Dyslipidaemia/cholesterol/Dietary fat/ 

hypercholesterolemia/ statins/ lipids/high cholesterol making a total of 49 

individual searches (figure 1). The author of one study was contacted to 

extract information on the various lipid values (Cetin, Bulgu et al. 2013). The 

review according to MOOSE (Stroup, Berlin et al. 2000), PRISMA (Moher, 

Liberati et al. 2009), and Li and Bartley (Li, Bartley 2014), and it has been 
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registered at PROSPERO with registration number CRD42014006740. 
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Figure 2.1- Search Strategy for PubMed/Medline database 

2.2.4. Study selection 

Two reviewers (R.D and R.K) independently screened the titles and abstracts 

of studies to examine the eligibility and methodological quality of the 

publications. The 2 review team members also independently assessed the 

full text of potential studies for eligibility. Another study member (R.E.H) 

arbitrated the discordant results. The information from the selected articles 

was collected using a standard form that captured the following information: 

study design type, definitions of cases and controls, sample size, risk factors 

measured, and method of measurement of disease outcome, and we noted 

any exceptional circumstances that could influence the results of specific 

articles. The studies with similar design were grouped and compared with 

assessment of feasibility for undertaking a meta-analysis. The case-control 

studies and RCTs were the only study types in which data between articles 

were sufficiently comparable and therefore are the subject of meta- analysis 

in this review.  
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2.2.5. Data collection and Risk of bias assessment 

Two review authors (R.D. and R.K.) independently assessed the risk of bias 

in the included studies. The risk of bias for case-control, cohort, and cross-

sectional studies was assessed using the Newcastle-Ottawa scale (Wells 

GA, Shea B, O'Connell D, et al. , Herzog, Alvarez-Pasquin et al. 2013),which 

gives a score out of a possible total of 9 stars. The scale rates studies under 

the categories of selection, comparability, and exposure (in case-control 

assessment) or outcome (cohort assessment). Four stars are available from 

the selection category, 2 stars are available from the comparability section, 

and a possible 3 stars can be achieved in the exposure and outcome 

categories. The Cochrane risk of bias tool was used (Higgins JPT )  for 

assessing risk of bias in interventional studies.  

2.2.6. Data synthesis and analysis  

The differences among levels of total serum cholesterol (TC), low-density 

lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, and 

serum triglycerides (TGs) were assessed in patients with and without DMO in 

the case-control studies. The mean differences were calculated by pooling 

the study-specific estimates using a random effects model and a meta- 

analysis was undertaken using Revman software version 5 (Cochrane 

Collaboration, 2010). The results were expressed as pooled mean 

differences with 95% confidence intervals (CIs). The I2 (which quantifies the 

percentage of variation attributable to heterogeneity) was inspected to 

assess the degree of heterogeneity across studies. Forest plots were 

constructed to illustrate the effect size of the studies and funnel plots to 

ascertain whether there was evidence of publication bias.  
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Likewise, a meta-analysis of the effect of lipid- lowering drugs was performed 

on outcomes such as progression of hard exudates and severity of DMO in 

the RCTs and the results were expressed as pooled risk ratio with 95% CIs 

using a random effects model.  

Meta-analysis of the cohort studies was not conducted because some used 

risk ratios and others used odds ratios. If the incidence of a condition under 

investigation is low (<10%), it can be equated (known as the rare disease 

assumption), but we did not do it in this case because the 10-year cumulative 

incidence of DMO has been reported to be 20.1% (Klein, Klein et al. 1995). 

Therefore, a qualitative analysis was performed to examine the relationship 

among elevated serum TC, LDL cholesterol, HDL cholesterol, and TGs.  
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2.3. Development of a structured data collection process for the 

morphological evaluation of SD-OCT of eyes with DMO 

 

2.3.1. Selection criteria and image capture 

This was a retrospective observational case series at a single clinical centre. 

Details of patients attending this clinic are recorded in the electronic patient 

care system.  A standardized protocol using trained examiners is used to test 

and record VA, which is measured on the ETDRS chart. Tomographic 

images are captured (Spectralis, Heidelberg Engineering, Heidelberg, 

Germany) on both eyes at all visits and consists of a single horizontal and 

vertical line scan through the fovea followed by a 6 x 6 mm macular raster 

scan (37 raster lines spacing of 120μm, 20o *15o ). Colour photographs ( 2 

fields -macula centered and optic disc centered) are captured on a Visucam 

500 (Carl Zeiss Meditec, Oberkochen, Germany) after pupillary dilation.  

The electronic medical record dataset was scrutinized for patients with a 

diagnosis of DMO who were attending the retina service between December 

2013 and April 2014 and the data were exported to an excel sheet. The total 

numbers of patients were 94. Following scrutiny of the data for persons aged 

above 18 years with history of Diabetes Mellitus (DM) (type 1 and type 2) 

with baseline DM) >400 microns on SD-OCT and with availability of VA and 

colour photographs we identified 80 cases. We reviewed the medical record 

for the selected participants (N 80) and recorded the age, sex, duration of 

DM, history of hypertension, hyperlipidemia and cigarette smoking. 
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2.3.2. Image analysis 
 
Grading was performed by two of the authors (R.D and G.S) after training by 

the senior clinician (U.C.) who checked 1 in 5 of the gradings. We displayed 

the images on the proprietary software provided by the manufacturer of the 

OCT acquisition system. Figure 2.2 shows the detailed retinal layers on 

spectral domain OCT. 

 

 

Figure 2.2- Retinal layers on SD-OCT. 
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2.3.3. OCT grading  

  

Grading Question Description 

Presence of 

intraretinal fluid 

(IRF) 

Yes-Cystoid 

or diffuse 

No 

Cannot 

grade (CG) 

Cystoid- accumulation of intra 

retinal fluid that has a cystoid 

appearance, which causes 

increased retinal thickness. (Figure 

2.3) 

Diffuse- accumulation of intraretinal 

fluid causing increased retinal 

thickness that does not have a focal 

appearance within the scans in the 

macular region (Figure 2.3). 

If cystoid, describe 

the cyst 

Septae 

 

Present  

Absent 

The presence of a linear 

hyperreflective line dividing the cyst 

as septae within the cysts. Example 

of large cyst with no septae is 

shown in figure 2.3. 

Presence of 

subretinal fluid 

(SRF) 

Yes/No A homogeneous optically empty 

space situated between the 

neurosensory retina and the RPE 

(Figure 2.4).  

Symmetry of IRF Symmetrical  We evaluated this in general terms. 
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around the fovea We visually amalgamated The intra 

and/or sub retinal fluid was visually 

judged on whether this was 

(roughly) symmetrical on both sides 

of the fovea. 

Asymmetrical We evaluated this in general terms. 

The intra and/or sub retinal fluid 

were visually judged on whether 

this was (roughly) asymmetrical on 

both sides of the fovea. (figure 2.5). 

  

Shape of the DMO Dome Rounded shape (Figure 2.6) 

Fusiform Wide in the middle and tapering at 

both ends (Figure 2.7).  

Hyper reflective foci Yes/No Lesions of equal or higher 

reflectivity than the retinal pigment 

epithelium (RPE) band, located 

within the neurosensory retina and 

within SRD, not so well 

circumscribed but sometimes seen 

attached to elevated RPE overlying 

drusen. Foci are >30μm in the 

vertical direction.  
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ELM and EZ Intact All hyper-reflectivity bands are 

visible and morphologically intact in 

the foveal scans lying within 500 μm 

of the foveal depression in all 

directions (figure 2.8). 

Disrupted If there is disruption in the continuity 

of the hyper reflective layers. The 

extent of disruption of ELM and EZ 

over a region of 1000μm 

surrounding the center of the fovea 

was recorded (Figure 2.9). 

Disorganization of 

the inner retinal 

layers (DRIL) 

Yes/No The horizontal extent in microns for 

which any boundaries between the 

ganglion cell–inner plexiform layer 

complex, inner nuclear layer, and 

outer plexiform layer could not be 

identified(Sun, Lin et al. 2014). The 

horizontal extent of DRIL in each of 

7 B-scans was measured and 

added to derive a global DRIL 

measure for each eye (Figure 

2.10,2.11). 

Vitreous attachment Yes/No Attached at the macula without 
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traction (fig 2.8) 

Attached at macula with traction 

Definitely detached at macula (can 

see vitreous face but not attached) 

Not known (either fully detached 

beyond the range of scan or fully 

attached and therefore not visible)  

CG 

Other pathology Yes 

No/CG 

Macular hole 

Epiretinal membrane (Figure 2.11) 

Thickness at the 

fovea/presumed 

fovea  

 We selected one scan from the 

image set, which best shows, the 

foveal depression and measured all 

features present on this scan. The 

Retinal thickness at fovea (RTF) 

was measured from the Internal 

Limiting Membrane (ILM) to the 

inner edge of the interdigitation 

zone (IZ). The height of the sub 

retinal fluid (SRF) if present was 

recorded. Choroidal thickness at the 

fovea and 3000 microns temporal 
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and nasal to fovea was measured. 

The choroid was measured from the 

bottom of the RPE/Bruch’s complex 

until the signal falls off to 

background, or to the choroid/sclera 

junction.  

Maximum retinal 

thickness (MRT) 

 We measured this if the site of MRT 

was not at the fovea and we 

recorded the maximum observed 

thickness of a particular layer in any 

of the OCT scans from the ILM to 

the inner edge of the IZ. 

  Table 2.1- Grading of SD- OCT images in DMO-definitions 

 

Figure 2.3- SD-OCT image showing both cystoid and diffuse DMO 

 

 



 90 

  



 91 

 

 

Figure 2.4- DMO with sub retinal fluid 

 

Figure 2.5- Asymmetrical shape of DMO 

 

 

Figure 2.6- Dome shaped DMO  
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Figure 2.7- Fusiform shape of DMO 

 

Figure 2.8- SD-OCT showing DMO with intact ELM and EZ and also 

showing vitreous attachment at the macula without traction. 

Figure 2.9- SD-OCT image- DMO with extensively disrupted ELM and EZ.  
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Figure 2.10- SD-OCT image showing area of DRIL. 

 

Figure 2.11- SD-OCT image with ERM and DRIL 

The colour images were graded according to the ETDRS grading(ETDRS 

report number 10. 1991). The outputs were analyzed. 
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2.4. A prospective study of structure and function in diabetic 

macular oedema 

 

2.4.1. Study design  

The study adhered to the tenets of the Declaration of Helsinki and full ethical 

approval from the local ethics committee  (REC reference14/NI/1025 ).  The 

study is also registered with the following ClinicalTrials.gov Identifier: 

NCT02876393. All participants gave informed consent to take part in the 

study. 

Case definition:  Persons with type 1 or type 2 DM with or without features 

of DR and or DMO ranging from extremely mild to severe.    

Control definition:  Persons without a history of DM and without retinal 

disease in either eye. 

Sample size 

As many of the analyses will involve correlations of function and structure, 

the sample size was calculated to achieve 90% power and to detect a 

correlation of +/-0.2 using a two-sided hypothesis test with a significance 

level of 0.05.  Based on this a sample size of 258 is required covering the 

entire spectrum of disease, from persons with diabetes with no evidence of 

DR through to various severity levels of DR and DMO. 

2.4.2. Recruitment strategies 

Cases were recruited from the diabetic eye clinics of the Belfast Trust. 

Potential participants with DR of different severity levels ranging from 

minimal DR to severe DR with or without DMO who attend the diabetic clinics 

were invited to participate. Participants with DM but without DR were 

recruited from the metabolic clinics of the Belfast Trust. For participants 
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without DM or any other disease suitable age matched controls were 

included from NISA (Northern Ireland Study of longitudinal ageing) study. 

The NISA study is a population-based, cross-sectional study designed to 

investigate and explore the changes in visual function with normal aging and 

the mechanisms underlying individual differences  

Inclusion criteria 

Group 1 (Healthy controls without DM) 

• Persons older than 18 years without DM 

• Fundus free of any signs of retinal disease 

• BCVA of 20/40 (73 ETDRS letters) in both eyes 

Group 2 (Persons with DM with no DR) 

•  Persons with Type 1 or type 2 diabetes older than 18 years 

• Normal fundus, Absence of features of DR or DMO in both eyes. 

• BCVA 20/40 (73 ETDRS letters) in at least one eye 

Group 3 

• Persons with Type 1 or type 2 diabetes 18 years and older 

• Fundus signs of mild, moderate or severe DR and or DMO. 

• BCVA 20/200 (33 ETDRS letters) or better.  

Exclusion criteria 

• Recent ocular surgical procedures performed within the previous 3 

months. 

• Presence of ocular confounding disorders such as neovascular age 

related macular degeneration, glaucoma or active uveitis.  

• Serious life threatening conditions that would preclude attendance in 
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the longitudinal part of the study.   

• Neurological conditions that can impair vision. 

2.4.3. Medical and ophthalmic history 

Either a doctor or an optometrist conducted all the components of the study 

that included a self reported history on type and duration of DM and 

presence of any other systemic conditions like hypertension, hyperlipidemia 

and smoking status. Information regarding participants last visit to an 

ophthalmologist, and presence of cataract, age related macular 

degeneration, glaucoma, DR, dry eye and previous ocular procedures (laser 

and surgery) including ocular treatments were recorded. A protocol refraction 

was done prior to the tests to ensure refractive error was properly corrected. 

Each study visit lasted a maximum of 3 hours and all tests were completed in 

a single visit. Informed consent was completed upon arrival.  

 

Study test battery  

2.4.4. Best corrected visual acuity (BCVA) 

ETDRS charts are gold standard for recording VA in clinical trails(Cotter, Chu 

et al. 2003) and the monocular visual acuity was evaluated with EDTRS 

charts in a light box (Precision -vision, USA) at 4m for far VA and the number 

of letters read was recorded. There are a number of ETDRS charts but for 

the purposes of the study only Charts 1 and 2 and Chart R were used. Chart 

R is used for refraction. After refraction is complete Charts 1 and 2 were 

used for testing the right and left eye respectively. Each line has 5 uniformly 

sized and spaced letters, which decrease progressively in size from the top 
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most line. BCVA was determined at 4-m distance with all room lights 

switched off (Meguro, Kabeya et al. 2013).  BCVA was measured in right 

eye, (RE), left eye (LE), then both eyes (BE), and the total number of letters 

(TNL) were recorded on a score sheet in which all correctly read letters were 

circled and incorrect letters were marked with a single line.  

2.4.5. Low luminance acuity (LLA) 

LLA was measured using a 2.0 log neutral density trial lens inserted over the 

final distance refraction result(Sunness, Rubin et al. 1997, Sunness, Rubin et 

al. 2008). RE LLA was measured using ETDRS chart ‘1’ and chart ‘2’ used 

for LE LLA. Results were recorded on a score sheet as the TNL, where all 

correctly read letters are circled and incorrect letters were marked over with a 

single line. Low luminance deficit (LLD) distance was recorded as the 

difference in letters between high and low luminance BCVA. 

2.4.6. Near Visual acuity 

The near visual acuity was measured in each eye separately using Bailey-

Lovie near word reading charts at 25 cm using the appropriate reading 

addition worn over the protocol refraction at 4 meters providing the BCVA at 

distance(Bailey, Lovie 1980). Separate charts were used for RE and LE, and 

a logMAR score for the smallest line with 3 or more consecutive words read 

correctly was recorded.  
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2.4.7. Reading Index 
 
This metric is a derivative of reading speed. Reading speed is a 

psychophysical test, which measures ability to read a string of words without 

reference to context. It tests the ability of the eye to scan along a line of 

words, and this function is impaired if visual deficits are present in the 

parafoveal retina. The reading speed assessment was done after 

measurement of subjects near word visual acuity. The reading speed was 

assessed separately in each eye using 2 sets of modified Bailey-Lovie 

reading speed charts presented as transparencies with black text and 

corresponding reading speed score sheets(McClure, Hart et al. 2000). The 

reading speed assessment was tested in subjects using the appropriate 

reading addition worn over the protocol refraction at 4 meters providing the 

BCVA. The reading speed chart selected for the reading speed assessment 

should exhibit text of a print size two logarithmic steps larger than the 

subjects measured near word visual acuity in the tested eye. The reading 

index is the reading speed divided by the size of print read and thus makes 

allowance for the visual angle. (Chakravarthy, Harding et al. 2015) 

2.4.8. Contrast sensitivity (CS) 
 
CS was measured monocularly then binocularly using Pelli-Robson contrast 

sensitivity charts (Clement Clarke International, Harlow, UK) (figure 12) 

viewed at a 1m test distance(D.G. Pelli, J.G. Robson, A.J. Wilkins 1988). A 

+1.00 Dioptre addition trial lens was added to the participant’s distance 

refractive correction. The RE and LE were tested with the chart having V, R, 

S and H, S, Z as the first triplet, respectively. For a triplet of letters to be 

scored as ‘seen’, 2 out of 3 letters must be correctly identified. Care was 
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taken to ensure uniform illumination of the chart, with luminance ranging from 

60 to 120 foot-candles, and to conceal the chart from viewing until the 

participant was ready for testing.  

2.4.9. Smith –Kettlewell institute low luminance (SKILL) 
 
The SKILL Card is designed to measure spatial vision under conditions of 

reduced contrast and luminance(Haegerstrom-Portnoy, Brabyn et al. 1997). 

The SKILL Card consists of two near acuity charts mounted back to back. 

One side has a chart with black letters on a dark grey background designed 

to simulate reduced contrast and luminance conditions. The other side has a 

high-contrast, black-on-white letter chart. The LLD at near is the acuity loss 

(number of letters) between the light and dark sides. The number of letters 

read in each card was recorded, which was held approximately 40 cm from 

the patient’s eye wearing the appropriate reading addition with high contrast 

letters facing the patient under normal room lighting. The number of letters 

were recorded correctly identified, assuming all above the first line read 

perfectly (5 out of 5 correct) are also perfect.  
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2.4.10. Haag streit Lenstar LS 900 Ocular Biometry 
 
The Lenstar LS 900 Biometer is a non-invasive, non-contact OLCR (Optical 

Low Coherence Re ectometry) device (Figure 13). It is used for obtaining 

ocular measurements. Several parameters like corneal thickness, anterior 

chamber depth, lens thickness, eye length, keratometry and pupillometry (1 

Scan — 9 Measurements — 30 seconds) were measured. A recent study 

concluded that in persons with diabetes, eyes with longer axial lengths are 

less likely to have DR and DMO(Man, Sasongko et al. 2012). The outcome 

parameter we used for the purpose of this study was the axial length values 

of both the eyes. 

2.4.11. Eye selection 
 
For the purposes of the more detailed testing of function which included 

macular sensitivity (MAIA) and frequency doubling threshold perimetry 

(FDT), we selected one eye only as these tests take a considerable length of 

time and patient comfort and cooperation would have been compromised if 

both eyes had been tested. For selection of the eye for detailed testing an 

algorithm was employed. In patients with DMO the eye with worse DMO was 

selected. For those without DMO the eye with better BCVA was selected and 

if both eyes had the same BCVA the eye for testing was randomly allocated. 

Tropicamide 1% (PoM) Minims were used for dilation.  

A detailed slit lamp examination was done which included evaluation of both 

anterior and posterior segment and measurement of intraocular pressure by 

Goldmann tonometry. The National Eye Institute Visual Functioning 

Questionnaire - 25 Self-Administered format Version 2000(VFQ-25) was 
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completed by each participant usually while their pupil was dilating The 25-

item self administered format Visual Function Questionnaire developed by 

the National Eye Institute (NEI-VFQ), has been used to assess the vision 

related quality of life in patients with DMO (Hariprasad, Mieler et al. 2008, 

Loftus, Sultan et al. 2011). Blood pressure and height and weight of 

participants were recorded and BMI was calculated. 

2.4.12. MAIA (Macular Integrity Assessments) 

Microperimetry maps retinal function at multiple focal locations of the retina 

has been tested in DMO (Deak, Bolz et al. 2010). The microperimetry 

assessment was performed on the Macular Integrity assessment (MAIA 

CenterVue, Padova, Italy), which uses a scanning laser ophthalmoscope to 

image the retina, and projects a Goldman III size stimulus directly on the 

retina by means of a white LED at different light intensities (Crossland, 

Jackson et al. 2012).  

A red circular fixation target of 18 diameter was used in this study, and 

Goldman III stimuli were presented against a background of 1.27 cd/m2 

using a 4-2-threshold strategy. The maximum stimulus luminance was 318 

cd/m2, creating a dynamic range of 36 db. The grid that we used for the 

study was a customized stimulus grid designed specifically for the 

assessment of the macular region in age related macular degeneration(Wu, 

Ayton et al. 2013). It consisted of 45 points (Figure 2.12), designed in a 

manner to allow a relatively regular sampling density throughout the region, 

but with a slightly increased density towards the fovea (Wu, Ayton et al. 

2013).  
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Figure 2.12- Example of 45 point 10 degree customized grid 

The outcome parameters tested were macular sensitivity (MS), which is the 

average of all the test points and central macular sensitivity (CMS) that is the 

average of the central 5 points on the grid. 

2.4.13. FDT 
 
FDT Matrix perimeter (Carl Zeiss Meditec, Dublin, California, USA) is an 

automated visual field instrument that provides rapid, clinically validated and 

user-friendly visual field testing and is used to characterize the inner retinal 

function (Jackson, Scott et al. 2012). It assesses the central 30 degrees of 

the central visual field in each eye using frequency-doubling perimetry. We 

evaluated the visual field using the 24-2 threshold test. The instrument 

automatically varies the contrast between dark and light portions of the target 

to determine the contrast at which the target could be detected. The results 

reported from the FDT, which was used for the study was the mean deviation 

(MD).  
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2.4.14. Pentacam high resolution camera 
 
The PentacamHR is an optical instrument for documentation and analysis of 

the anterior segment of the eye for diagnostic and research purposes (Figure 

17). Multiple cross-sectional Scheimpflug images were produced along with 

corresponding parametric data on anterior chamber depth, corneal curvature, 

pachymetry and a lens density value. This lens density value (Pentacam 

Nucleus Staging, PNS) gives a quantifiable estimate of the volume and 

density of any cataract present.  

 

2.4.15. Stereoscopic digital fundus imaging 
 
 Color fundus photographs were captured on Canon CR-1 Retinal Camera, 

Japan. At all visits, the fundus reflex images (an external eye view) were 

captured to document media opacities (Figure 2.13). 

 

Figure 2.13- Fundus reflex image 

Stereo optic disc and macula centered images were captured (Figure 2.14) 
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Figure 2.14- Disc and macula centered colour fundus images 

 

Fundus images were then uploaded securely for viewing and grading through 

the Oculab (Digital Healthcare Oculab, V3.7.98.0, Emis Health, Leeds, UK) 

image software viewing program.  

2.4.16. Spectralis HRA +OCT  

Tomographic images (Spectralis, Heidelberg Engineering, Heidelberg, 

Germany) were captured on both eyes at all visits. The acquisition 

parameters are as detailed below. 

Posterior Pole (centred on the Fovea with an ART setting of 9, 61 sections)  

Enhanced Depth Imaging 19 sections centred on the Fovea with an ART 

setting of 40. 

Retinal Nerve Fibre Layer centred on the Optic Nerve Head with an ART 

setting of 100 

Multicolour images centred on the Fovea with an ART setting of 15 High 

Resolution. 
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Blue Auto fluorescence fundus image centred on the Fovea with an ART 

setting of 15 High Resolution 

Blue Auto fluorescence Movie centred on the Fovea with a 30 second run 

time. 

All images were then uploaded securely for image analysis using Heidelberg 

eye explorer, HEYEX, version 1.9.10.0 to the Network UK Reading Centre 

servers. 

2.4.17. Ultrawide field imaging-OPTOMAP 

In 2000, the Optomap (Optos PLC, Dunfermline, Fife, Scotland, UK) 

noncontact camera was launched as a device producing an ultra-wide field 

angle image (200 degree internal field of view), equating to 82.5% of the total 

retinal surface area. The red and green laser used to capture an Optomap 

image produces a pseudocolor image of the retina, in other words a ‘fake’ 

image which doesn’t give a true representation of the retina compared to the 

image produced by a traditional fundus camera. 
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Figure 2.15- Optomap wide field imaging showing changes of DR. 

The green (red-free) component depicts the retina and its vasculature, 

whereas the red component highlights deeper structures (Figure 2.15). 

2.4.18. Vibratip 

Vibratip TM (Figure 2.16) is a new disposable device producing a vibratory 

stimulus is considered to be a useful tool for screening peripheral sensory 

neuropathy in DM (Bracewell, Game et al. 2012) which will help us to 

investigate the relationship between neuropathy and vasculopathy and to 

attempt to make inferences as to which comes first in relation to retinal 

neuron loss and sensitivity. 
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Figure 2.16- Vibratip. 

The rounded tip of the vibratip was gently applied for approximately 1second 

with and without button depressed at five sites on the foot (1st, 3rd and 5th 

metatarsal heads on the plantar surface the hallux pulp, the dorsal surface of 

the hallux proximal to the nail fold) explaining that ‘this is touch one’ and 

‘this is touch two’. The vibratip was randomly activated on either the first or 

second touch. 

2.4.19. Blood sample collection 
 
From each participant that gives consent, a peripheral venous blood sample 

totalling 40ml is obtained. Blood sample for resultant serum was collected 

from 4 x 5ml yellow serum separator tubes; plasma and DNA was collected 

from 2 x 10ml Lavender (EDTA) tubes. Trained laboratory staff undertook 

blood processing according to study protocol.  Samples were centrifuged at 

3000rpm for 15 minutes, and then aliquoted and stored at -80 degrees 

labelled with patient ID number, D.O.B and sample date. Storage and use of 

the materials collected was Human Tissue Act (2004) compliant. 
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These tests were repeated in a subset of participants with DMO as a part of 

the longitudinal visit, 4 months after their initial visit .A detailed study pathway 

has been described below. 
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2.4.20. STUDY PATHWAY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Informed consent 

BCVA, low luminance acuity 
                        Near acuity 

Low luminance deficit near 
Reading speed 

Contrast sensitivity 
Lenstar 

Dilatation 1% tropicamide eye drops 

NEI-VFQ 
Vibratip 

Blood and urine sample 
Height, weight, BP 

Slit lamp, IOP 

MAIA microperimetry,FDT 
Pentacam 

Colour fundus photography 
Spectralis HRA-OCT 

Optomap widefield imaging 
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Chapter 3 

A systematic review and meta-
analysis of role of lipids in 
Diabetic macular oedema 
 
 

3.1 Introduction 

Diabetic macular oedema (DMO), is a common feature of Diabetic 

retinopathy (DR) and is often associated with severe stages of retinopathy 

but can also be the sole manifestation of DR .The Early Treatment Diabetic 

Retinopathy Study (ETDRS) scale for DR and the separation of DMO into 

non-clinically significant and clinical significant oedema (CSMO) have been 

extensively used to define treatment protocols in the management of patients 

with ocular manifestations of DM(Early Treatment Diabetic Retinopathy 

Study report number 1 1985) . The Wisconsin Epidemiologic Study of 

Diabetic Retinopathy (WESDR) found that 20% of patients with type 1 DM 

and 25% of those with type 2 DM will develop DMO after 10 years of follow 

up(Klein, Klein et al. 1995) .In its most severe form DMO results in blurring 

and distortion of central vision, which is reflected in a reduction in visual 

acuity(Moss, Klein et al. 1998). Complete vision loss is rarely observed in 

DMO, therefore the focus of treatment has been to detect and treat prior to 

the loss of visual acuity.  

Serum lipids have been reported to be a risk factor for DR and DM 

(Golubovic-Arsovska 2007, Asensio-Sanchez, Gomez-Ramirez et al. 2008) 
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and it has been suggested the permeability changes in the retinal 

microvasculature results in extravascular accumulations of lipoprotein 

deposits with consequent loss of function in the surrounding retinal 

cells(Panagiotoglou, Ganotakis et al. 2010). Complexes of lipoprotein and 

macrophages form and are visualized in fundus photography as hard 

exudates(Chew, Klein et al. 1996) with studies suggesting that raised serum 

lipid levels are a risk factor for both hard exudates and DMO(Chew, Klein et 

al. 1996, Klein, Moss et al. 1991), although their role in the pathogenesis of 

DR and DMO remains controversial. Also the role of dyslipidaemia in the 

pathogenesis of DMO is relatively unexplored. The Fenofibrate Intervention 

and Event Lowering in Diabetes (FIELD) Study reported reduced progression 

of DR and a lower need for laser treatment in type 2 DM in participants who 

received fenofibrate (Keech, Mitchell et al. 2007). However, the study also 

found that the benefit was unrelated to serum lipid levels suggesting a 

complex mechanistic association between serum dyslipidaemia and DR and 

DMO with the underlying pathogenetic process remaining unclear. Given the 

degree of uncertainty within the scientific literature we undertook a 

systematic review and meta- analysis to examine for associations between 

dyslipidaemia and DMO.  

3.2 Methods 

The methodology has been described in detail in chapter 2(reference 2.2).  

3.3 Data synthesis and analysis 

The differences between levels of total serum total cholesterol (TC), low-

density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) 

cholesterol and serum triglycerides (TG) was assessed on patients with and 
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without DMO in the case-control studies. The mean differences were 

calculated by pooling the study-specific estimates using a random effects 

model and a meta-analysis was done using Revman software version 5 

(Cochrane Collaboration, 2010). The results were expressed as pooled mean 

differences with 95% confidence intervals. The I2 was inspected (which 

quantifies the percentage of variation attributable to heterogeneity) to assess 

the degree of heterogeneity across studies. Forest plots were constructed to 

illustrate the effect size of the studies and funnel plots in order to ascertain if 

there was evidence of publication bias.  Similarly meta-analysis was 

performed on the effect of lipid lowering drugs on outcomes such as 

progression of hard exudates and severity of DMO in the randomized control 

trials (RCT) s and expressed the results as pooled risk ratio with 95% 

confidence intervals using a random effects model. 

Meta-analysis was not conducted on the cohort studies as some used risk 

ratios and others odds ratios.  If the incidence of a condition under 

investigation is low (<10%) these can be equated (known as the rare disease 

assumption), this could not be done in this case as the 10-year cumulative 

incidence of DMO has been reported to be 20.1%(4). Therefore a qualitative 

analysis was completed to examine the relationship between elevated serum 

TC, LDL cholesterol, HDL cholesterol and TG. 
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3.4 Results 

3.4.1 Selection of Studies 

Figure 3.1 summarizes the results of the systematic search 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1- Process of study selection 

 

The database search returned a total of 4959 results and any studies with a 

non-human subjects were removed at this stage. After this original screening 

1096 articles remained, i.e. initial inclusion criteria were apparent or there 

was reference to any searched risk factors (dyslipidemia, dietary fat etc.) and 

any form of retinopathy, maculopathy or macular edema in the article title or 

abstract when available. After eliminating any duplicate studies the total 

number of articles remaining was 315. At the next stage, any reviews or 

PubMed/Medline 
search 
        N=4959 

Excluded 3862 
unrelated/non-human 
subjects 

1096 articles identified 

Excluded 781duplicate 
studies 

315 articles for further 
review 

Excluded 294 non-
DMO related articles 

21 final articles 
focusing on DM0 
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studies that were not found to be specific to the research question and any 

studies that did not focus on DMO specifically were then removed from the 

article list, giving a final total of 21 included papers 

3.4.2 Characteristics of included studies 
 

 
 
Table- 3.1- Summary characteristics of included studies with quality 
assessments. QS-Quality score *Newcastle Ottawa scale, ** Cochrane risk of bias tool 

 
 

 

Study Study 

design 

n Intervention/Exposur

e 

Comparator Outcome 

measures 

Follow

-up 

(years) 

QS 

Sasaki M 
2005 

Cross-
sectional 

593 TC, LDL C, HDL C, 
TG 

DM without hard 
exudates 

Hard 
exudates, 

DMO 

NA 7* 

Raman R 

2010 

Cross-

sectional 

1414 TC, LDL C, HDL C, 

TG 

DM with non-

CSMO 

CSMO NA 8* 

Zander E 

2000 

Cross-

sectional 

3359 TC, LDL C, HDL C, 

TG 

DM without DMO DMO NA 8* 

Idiculla J 

2012 

Cross-

sectional 
330 TC, LDL C, HDL C, 

TG 
DM without DR CSMO NA 7* 

Rema M 

2006 

Cross-

sectional 
1736 TC, LDL C, HDL C, 

TG, TC/HDL C ratio 
DM without DR DMO NA 10* 

Miljanovic 

B 2004 

Prospective 

cohort 

1441 TC, LDL C, HDL C, 

TG, TC/HDL C ratio 
DM without DR DMO, hard 

exudates 

6.5  9* 

Klein BE 

1999 

Prospective 

cohort 
765 TC, LDL C, HDL C, 

TG 
NA DMO, hard 

exudates 
5 8* 

Chew EY 

1996 

Prospective 

cohort 
2709 TC, LDL C, HDL C, 

TG 
DR without DMO DMO, hard 

exudates 
7 8* 

Romero 

Aroca P 

2011 

Prospective 

cohort 
334 TC, LDL C, HDL C, 

TG, TC/HDL C ratio 
DM without DR DMO 10 8* 

Aroca PR 
2004 

Prospective 
cohort 

93 TC, LDL C, HDL C, 
TG 

DR without DMO DMO 4 8* 

Benarous R 

2011 

Case-

control 

500 TC, LDL C, HDL C, 

TG 
DR without DMO CSMO NA 7* 

Mohan R 

1984 

Case-

control 
50 TC, LDL C, HDL C, 

TG 
DM without DR DMO NA 6* 

Ucgun NI 

2007 

Case-

control 
54 TC, LDL C, HDL C, 

TG 
DR without DMO DMO NA 6* 

Jew OM 

2012  

Case-

control 
300 TC, LDL C, HDL C, 

TG 
DR without DMO DMO NA 6* 

Cetin EN 

2013 

Case-

control 
116 TC, LDL C, HDL C, 

TG 
DM without DR DMO NA 6* 

Dodson PM 

1991 

Case-

control 
52 TC, LDL C, HDL C, 

TG 
DR without DMO DMO NA 6* 

Kameda Y 

2010 

Case-

control 
53 TC, LDL C, HDL C, 

TG 
DR without DMO DMO NA 6* 

Massin P 

2014 

RCT 110 Oral fenofibric acid Placebo DMO, hard 

exudates 

1 Low 

risk of 

bias** 

Chew EY 
2014 

RCT 2856 Oral Fenofibrate & 
Simvastatin 

Placebo & 
Simvastatin  

DMO, hard 
exudates 

4 Low 
risk of 

bias** 

Keech Ac 
2007 

RCT 1012 Fenofibrate Placebo DMO, hard 
exudates 

5 Low 
risk of 

bias** 

Gupta A 

2004 

RCT 30 Oral Atorvastatin Placebo DMO, hard 

exudates 

18 

weeks 

Low 

risk of 

bias** 
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Five articles reported on cross-sectional studies, five from cohort studies, 

seven were case-control studies and four were RCTs. All studies reported 

the levels of serum TC, TG and LDL and HDL cholesterol as exposures. The 

RCTs measured efficacy of lipid lowering drugs such as statins and fibrates 

in patients with DMO and change in lipid profile in influencing the severity of 

hard exudates and DMO. All included studies described DMO according to 

the definitions found within the ETDRS study(Early Treatment Diabetic 

Retinopathy Study report number 1 1985). 

3.4.3 Case-control studies 

All the seven case-control studies were conducted in a hospital setting. Four 

studies (Mohan, Mohan et al. 1984, Ucgun, Yildirim et al. 2007, Kameda, 

Kumakawa et al. 2010, Dodson, Gibson 1991) included participants with type 

2 DM, one study(Benarous, Sasongko et al. 2011) included people with both 

type 1 and type 2 DM and there was no mention about the type of DM in the 

other two studies(Cetin, Bulgu et al. 2013, Jew, Peyman et al. 2012).  

Controls were defined as patients with DM but no evidence of DMO, four 

studies(Ucgun, Yildirim et al. 2007, Benarous, Sasongko et al. 2011, 

Kameda, Kumakawa et al. 2010, Jew, Peyman et al. 2012) characterized 

their participants as exhibiting both DMO and DR but the other three studies 

did not report the presence or absence of concomitant other features of DR. 

Based on the Newcastle Ottawa scale six studies rated 6 stars out of a 

possible 9 and one study rated 7 stars, suggesting that they were of 

satisfactory quality to be included in the meta-analysis. In most cases, the 

reasons for a lower rating was due to the method used for ascertainment of 

controls. In a high proportion cases and controls were recruited from hospital 
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clinics and therefore unlikely to be truly representative of the general 

population (Table 3.1). 

The meta-analysis of case-control studies showed that the mean levels of 

serum TC, serum LDL and serum TG were significantly higher in patients 

with DMO compared to persons with DM but without DMO (TC 30.08, 95% 

CI 21.14,39.02,p<0.001, LDL 18.62 95%CI 5.80,31.43 p<0.05, TG 24.82 

95%CI 9.21,40.42 p<0.05)(Figures 3.2-3.4). There was no significant 

association between mean levels of HDL cholesterol levels and DMO (Figure 

3.5). 

Figure 3.2- Association between cholesterol levels and presence or absence 
of DMO. Pooled estimates of mean differences for cholesterol in diabetic 
patients with DMO were compared with diabetic patients without DMO 

Figure 3.3- Association between LDL cholesterol levels and presence or 
absence of DMO. Pooled estimates of mean differences for LDL cholesterol 
in diabetic patients with DMO were compared with diabetic patients without 
DMO 

Figure 3.4- Association between triglyceride levels and presence or absence 
of DMO. Pooled estimates of mean differences for triglycerides in diabetic 
patients with DMO were compared with diabetic patients without DMO  
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Figure 3.5- Association between HDL cholesterol levels and presence or 
absence of DMO. Pooled estimates of mean differences for HDL cholesterol 
in diabetic patients with DMO were compared with diabetic patients without 
DMO 

 

Asymmetry was noted in funnel plots in the case-control studies, which may 

indicate the existence of publication bias (figures 3.6-3.9). 

 

Figure 3.6- Funnel plot showing asymmetry in the pooled estimates of mean 
differences for serum TC in the case- control studies 

 

Figure 3.7- Funnel plot showing asymmetry in the pooled estimates of mean 
differences for serum LDL in the case- control studies 
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Figure 3.8- Funnel plot showing asymmetry in the pooled estimates of mean 
differences for serum TG in the case- control studies 

 

Figure 3.9- Funnel plot showing asymmetry in the pooled estimates of mean 
differences for serum HDL in the case- control studies 

3.4.4 Cohort studies. 

All the studies were population based and follow-up ranged from 4 to 10 

years (Table 1). Two studies included participants with only type 1 

DM(Miljanovic, Glynn et al. 2004, Romero-Aroca, Baget-Bernaldiz et al. 

2011), and one included only type 2 DM (Aroca, Salvat et al. 2004). Two 

other studies included participants with type 1 and type 2 DM(Chew, Klein et 

al. 1996, Klein, Klein et al. 1999). Newcastle Ottawa scale assessment 
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revealed that they were all of a high quality (Table 3.1). 

The presence and incidence of hard exudates increased with higher 

cholesterol/HDL ratio, serum TC and LDL cholesterol levels(Chew, Klein et 

al. 1996, Miljanovic, Glynn et al. 2004, Klein, Klein et al. 1999). Raised levels 

of TC, LDL cholesterol and TG were found to be significantly associated with 

the presence of DMO in two studies(Miljanovic, Glynn et al. 2004, Romero-

Aroca, Baget-Bernaldiz et al. 2011). Four studies(Chew, Klein et al. 1996, 

Miljanovic, Glynn et al. 2004, Romero-Aroca, Baget-Bernaldiz et al. 2011) 

showed a positive relationship between elevated serum lipid levels and DMO 

whereas one study did not show any significant relationship(Aroca, Salvat et 

al. 2004). Three studies(Miljanovic, Glynn et al. 2004, Klein, Klein et al. 1999, 

Romero-Aroca, Baget-Bernaldiz et al. 2011) examined the incidence of DMO 

and found the ratio of TC to HDL cholesterol to be predictive of DMO. 

3.4.5 Cross-sectional studies 

Two cross-sectional studies were population based(Rema, Srivastava et al. 

2006, Sasaki, Kawasaki et al. 2013, Zander, Herfurth et al. 2000, Raman, 

Rani et al. 2010) and the other three were hospital based(Sasaki, Kawasaki 

et al. 2013, Zander, Herfurth et al. 2000, Idiculla, Nithyanandam et al. 2012). 

Most of the studies were on patients with type 2 DM with the exception of 

one study that was conducted on people both type 1 and type 2 DM(Zander, 

Herfurth et al. 2000). 

The studies were of a high quality according to the Newcastle Ottawa scale 

assessment of evidence (Table 1). A significant association of serum TC and 

LDL cholesterol with DMO was reported in all the cross-sectional studies.   
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Raised serum TG levels were associated with hard exudates and DMO in 

two studies(Sasaki, Kawasaki et al. 2013, Zander, Herfurth et al. 2000). 

3.4.6 Intervention studies 

RCTs examined included those that assessed the change in DMO severity 

as well as the progression of hard exudates after lipid lowering therapy in 

persons with DM and dyslipidemia. Three were multicenter studies(Keech, 

Mitchell et al. 2007, Massin, Peto et al. 2014, Chew, Davis et al. 2014) and 

one was a single center hospital-based study(Gupta, Gupta et al. 2004). Oral 

lipid lowering drugs fenofibrate(Keech, Mitchell et al. 2007, Chew, Davis et 

al. 2014), fenofibric acid(Massin, Peto et al. 2014) and atorvastatin(Gupta, 

Gupta et al. 2004) were compared to placebo. The ETDRS grading system 

had been used to assess the change in areas of hard exudates and DMO in 

all the studies(ETDRS report number 10. 1991, Gardner, Sander et al. 2006). 

The random effects meta-analysis revealed no difference in extent and 

severity of hard exudates between the lipid-lowering groups compared to 

placebo (1.00 CI 0.47,2.11p=1.00) (Figure 3.10).  

Figure 3.10- Relative risk for progression of hard exudates in the lipid 
lowering group compared to placebo group. 

 

Although one study showed that individuals with DMO receiving fenofibric 

acid showed modest improvement in total macular volume on optical 

coherence tomography compared to placebo, no difference was seen 
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between the two groups in relation to worsening of DMO or progression of 

hard exudates on fundus photography(Chew, Davis et al. 2014). Similarly 

there was no significant difference in the severity of DMO in both either group 

(1.18 95%CI 0.75,1.86 p=0.48) (Figure 3.11).  

Figure 3.11- Relative risk for severity of DMO in the lipid lowering group 
compared to placebo group 

There was no evidence of significant heterogeneity among the studies (I2 

=28%). The Cochrane risk of bias tool showed low risk of bias in all the RCTs 

included. 

3.5 Discussion 

The present systematic review is the first to comprehensively examine and 

categorize existing evidence on the associations between dyslipidemia and 

DMO.   

3.5.1 Effect of dyslipidemia on DMO 

Our meta-analyses reveal that the TC, TG and LDL cholesterol were 

significantly higher in persons with DMO compared to those with DM but 

without DMO. A similar relationship was not observed with HDL cholesterol. 

High levels of LDL cholesterol are toxic to the endothelial cells(Tauber, 

Cheng et al. 1980), whereas HDL cholesterol is the main vaso-protective 

lipoprotein with vasodilatory, anti-oxidant and anti-inflammatory effects and 

also has the ability to promote the efflux of cholesterol from cells(Barter, 

Nicholls et al. 2004). Thus the absence of relationship between HDL 
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cholesterol values and DMO is biologically plausible. The analyses of the 

cohort studies data suggest that raised levels of TC, LDL cholesterol and TG 

exhibit positive associations with the presence of DMO(Miljanovic, Glynn et 

al. 2004, Romero-Aroca, Baget-Bernaldiz et al. 2011).  Furthermore a high 

cholesterol/HDL ratio and serum triglycerides were independent risk factors 

for DMO and the presence of retinal hard exudate(Chew, Klein et al. 1996, 

Miljanovic, Glynn et al. 2004, Romero-Aroca, Baget-Bernaldiz et al. 2011). 

The existence of similar strong associations between dyslipidemic states and 

DMO in the cross-sectional studies further supports our hypothesis. 

3.5.2 Effect of lipid lowering therapy on DMO 

The meta-analysis of the 4 RCTs did not reveal a significant improvement for 

lipid-lowering therapy compared to placebo with respect to progression of 

hard exudates or severity of DMO although some of the studies suggested a 

benefit.  In one of the largest studies to be included in our meta-analysis the 

available data pertained to a subpopulation (of the 9795 individuals 

randomized, only a subset of 1012 [10.3%] entered the ophthalmology sub-

study) (Keech, Mitchell et al. 2007).  Furthermore 80% of those in the 

ophthalmology sub study had no or questionable diabetes related retinopathy 

at baseline and thus represented a low risk group for progression with limited 

power to explore the outcomes. The MacuFen study(Massin, Peto et al. 

2014) reported that individuals with DMO who received fenofibric acid 

showed modest improvement in total macular volume on optical coherence 

tomography compared to placebo, however no difference was seen between 

the two groups in relation to worsening of DMO or progression of hard 

exudates on fundus photography.  The authors postulated that the study was 
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underpowered to detect any benefit over placebo and suggested further 

studies to confirm long-term benefit of fenofibric acid. In the ACCORD 

study(Chew, Davis et al. 2014) the sub study that dealt with ophthalmic 

assessment was performed at the 4 - year visit in participants with no or mild 

DMO at baseline and consequently events were few. In a smaller 

interventional trial that was included in the present meta analysis(Gupta, 

Gupta et al. 2004) it is noteworthy that when lipid levels were reduced 

markedly some two thirds of the participants had a reduced severity of 

macular hard exudates. However its limitations include the small sample and 

its conduct within the hospital clinic setting. Overall the clinical characteristics 

of the included participants in these RCT’s were such that the power to 

discern an effect on macular exudate reduction was limited.   

To date DMO is not an indication for the use of lipid lowering therapy and the 

focus of the vast majority of studies in this field has been on the prevention of 

progression of DR.  To detect a benefit through control of dyslipidemia in the 

progression of none to minimal or from early to late DMO would require the 

inclusion of participants at high risk of DMO. In many countries management 

of dyslipidemia is only triggered when there are multiple co morbidities and 

thus it would be important to take into account the current medical 

management of patients with DM and existing comorbidities such as 

cardiovascular disease.   We contend that through the use of carefully 

selected eligibility criteria and appropriate morphological and serological 

outcome measures it should be possible to design an RCT of adequate 

power that would address the question of whether modifiers of dyslipidemia 

may have therapeutic benefit in DMO.  
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3.5.3 Strengths and limitations of the review 

Despite many studies showing that serum lipids are a risk factor for DR 

(Klein, Moss et al. 1991, Agroiya, Philip et al. 2013, Mohan 2013), there are 

few studies in the literature, which were designed specifically to assess the 

relationship between dyslipidemia and DMO. Gordon et al studied patients 

with DR who were treated for hypercholesterolemia and found that lipid 

exudates diminished over a year (Gordon, Chang et al. 1991). However 

these studies did not test for the presence or absence of DMO.    The 

majority of studies included in this review were conducted in a hospital 

setting, and in terms of relevance and application the results may not be 

representative of the entire population.  

In comparing studies and making inferences, definition of case and control 

groups must be considered. Therefore it is worth noting that control groups 

differed from study to study, with controls drawn from persons with DR 

without DMO and or DM without DR. Choosing cases and controls with 

similar grades of retinopathy will help to minimize confounding factors, which 

can affect the evaluation of the results. High heterogeneity values within the 

case-control analysis suggest a lack of similarity in the studies included and 

therefore confidence in the pooled estimates is decreased. The difference in 

definitions of cases and controls may have contributed to the heterogeneity. 

Taking into consideration the hierarchy within evidence based medicine, the 

findings from the present systematic review and meta-analysis provide 

compelling evidence of the effects of dyslipidemia on the blood retinal 
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barriers and development of DMO. Our findings support the view that 

dyslipidemia is associated with DMO and provide a strong rationale for 

shared care of patients by retina specialists and metabolic physicians.  

Improved control of TC/HDL ratio’s and triglycerides in persons with lipid 

exudates in the macula along with selection of the most appropriate dietary 

or therapeutic strategy is indicated.   In addition our meta analyses offer 

pointers for the inclusion of specific morphological and serological outcome 

measures in trials that target the control of dyslipidemia Specifically 

constructed clinical trials with predefined criteria for patient selection are 

needed to explore the role of lipid lowering therapies in the management of 

DMO as well as to establish relationships between the subclasses of 

lipoproteins. Such studies may shape the future of clinical management of 

patients with DMO or at risk of DMO.  
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Chapter 4 

 
Disorganization of inner and 

outer retinal morphology in 

diabetic macular oedema 

4.1. Introduction 
 
 

Diabetic retinopathy (DR) represents a spectrum of pathological changes that 

occur in the microvasculature of the eye in patients with Diabetes Mellitus 

(DM). Diabetic macular oedema (DMO) is a characteristic feature of DR and 

an important cause of visual loss in people with DM (Moss, Klein et al. 1998). 

DMO is an accumulation of fluid within the macular tissue layers, which arises 

as a consequence of failure of the blood-retinal barrier (BRB).  Typically DMO 

causes blurring and distortion of vision, which is reflected in a reduction in 

visual acuity. The Wisconsin Epidemiologic Study of Diabetic Retinopathy 

(WESDR) found that 20% of patients with type 1 DM and 25% of those with 

type 2 DM will develop DMO after 10 years of follow up (Klein, Klein et al. 

1995). 

Although DMO is detectable as increases in macular thickness based on 

biomicroscopic examination and through stereoscopic assessments of fundus 

colour images, the introduction of time domain optical coherence tomography   
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(OCT) enabled a more precise quantification of overall retinal thickness but 

this measure was found to correlate only modestly with visual acuity (Diabetic 

Retinopathy Clinical Research Network, Browning et al. 2007). The 

subsequent availability of spectral domain OCT (SD OCT) with superior 

resolution and reproducibility has resulted in improved ability to differentiate 

early DMO from normality and also permits characterization of pathology on a 

retinal layer by layer basis. Features such as hyper reflective foci can be 

localized to individual retinal layers or as recently shown to within the walls of 

microaneurysms (Bolz, Schmidt-Erfurth et al. 2009).  Studies have been 

undertaken and have established correlations between visual acuity (VA) and 

certain features of retinal morphology such as the intactness of the ellipsoid 

zone (EZ) and external limiting membrane (ELM) (Maheshwary, Oster et al. 

2010, Otani, Yamaguchi et al. 2010, Shin, Lee et al. 2012). A recent report 

from Sun et al described an OCT feature termed disorganization of the retinal 

inner layers (DRIL), improvement in which was predictive of better VA 

outcomes (Sun, Lin et al. 2014, Sun, Radwan et al. 2015).  Notably DRIL was 

found to be associated with VA after resolution of centre-involving DMO. 

(Radwan, Soliman et al. 2015). Although relationships between DRIL and VA 

have been explored, to date no data exists on the relationships between DRIL 

and other OCT features of DMO or with severity of DR. The present study 

represents a systematic examination of the relationships between DRIL and 

SD OCT features of DMO, severity of DR and VA in a large series of eyes with 

DMO. 
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4.2. Methods 
 

The details of the methodology and image grading has been described in 

detail in chapter 2 (reference- 2.3) 

 

4.2.1. Statistical analysis  
 

We analysed the data using SPSS version 22. We performed one-way 

analysis of variance (ANOVA) for associations between VA and DR severity 

stage and VA with categorical OCT features. We used Pearson’s coefficient to 

test for correlations between VA and OCT linear variables [diameter of DRIL, 

disrupted ELM and EZ, height of Retinal Thickness Fovea (RTF), Maximum 

Retinal Thickness (MRT), and Choroidal Thickness (CT)]. We used the 

general linear regression model (GLM) to investigate parameters that 

influenced VA and controlled for RTF a feature that was previously identified 

as a confounder (Sun, Lin et al. 2014). We performed binary logistic 

regression to seek associations between presence or absence of DRIL with 

SD OCT features and DR severity. We did not create a multivariable model to 

include all the significant variables as a single model as the sample size was 

small and that could have lead to invalidation of the independent observation 

of the variable of interest. The interclass correlation of eyes with the same 

person was 0.08 and so we did not deem it necessary to adjust for correlations 

between 2 eyes. We considered P ≤. 05 as statistically significant in these 

analyses.  
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4.3. Results 
 

Descriptive characteristics of the study cohort are shown in Table 4.1. 

One hundred and two eyes of 80 individuals were studied. Due to poor quality 

OCT images, one eye was not graded for OCT morphology and metrics. The 

mean age was 63 (SD, 11) years, 30 (37.5%) were females, with the majority 

of the sample having type 2 DM (Table 1).  The frequency of the DR severity 

stages in the 100 eyes (2 eyes were not graded due to poor quality colour 

images) is shown in Table 4.1.Less than half of the included eyes had been 

previously treated with macular laser and none had received an anti VEGF 

treatment. 
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Table 4.1 Descriptive characteristics of the study cohort 

 

 

 

 

 

 

 

  

 
      Characteristic  

 
Total cohort 

      Study population         n=80 

Age, mean +/-SD, years        63 +/-11 

Female gender, n (%)         30(37.5) 

DM duration, mean +/-SD, years 16.74 +/-10.84 

DM type, n (%)   

1          17(21.3) 

2 63 (78.8) 

Hypertension n (%)          51(63.7) 

Hyperlipidemia n (%) 54(67.5) 

Smoking n (%) 33(41.3) 

  Ocular Characteristic  n=102 

Diabetic Retinopathy stage n (%) 
Mild Non Proliferative DR (NPDR) 
Moderate NPDR 
Proliferative DR 
Unable to grade 

 
       53 (52) 
       37 (35.3) 
       10 (10.8) 
        2 (2) 

Previous Laser surgery n (%) 
None 
Macular laser  
PRP  
Macular laser and PRP  

 
        27 (26.5) 

44 (43.1) 
14 (13.7) 
17(16.7) 

 

Visual acuity, mean +/-SD, letters 
 

54.37 +/-16.13 
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4.3.1. Relationship between VA and retinal morphological features of 
DMO and DR  

 
Variables n (%) VA mean +/-SD 

(letters) 

ANOVA, p value 

Type of DMO 

Intraretinal fluid (IRF)  

IRF and subretinal fluid (SRF) 

 

72(70.6) 

29(28.4) 

 

55.2+/-14.9 

55.8 +/-14.4 

 

F=0.03(1,99), 0.8 

Type of IRF 

Diffuse 

Cystoid 

Mixed 

 

21(20.6) 

26 (25.5) 

54(52.9) 

 

55.2 +/-17 

55.6 +/-13.4 

55.3 +/-14.6 

 

F=0.004(1,98), 0.9 

Symmetry of IRF 

Symmetrical 

Asymmetrical 

 

69 (67.6) 

32 (31.4) 

 

54.7 +/-14.4 

56.9 +/-15.3 

 

F=0.49(1,99), 0.4 

Shape of DMO 

Dome 

Fusiform 

 

51(50) 

32(31.4) 

 

54.7 +/-14.4 

56.9 +/-15.3 

F=4.8(1,99), 0.03 

 Cysts in inner retina   Yes 

                                   No 

81(79.4) 

20(19.6) 

55.2 +/-14.2 

57.2 +/-16.6 

 

F=0.07(1,99), 0.7 

Septae in cysts        Yes 

                                   No 

59(57.8) 

22(21.6 

57.15 +/-13.5 

49.95 +/-15 

 

F=4.2(1,79), 0.04 

DRIL                          Yes 

                                   No 

23 (22.5) 

78(76.5) 

46.1+/-14.9 

58.1 +/-13.5 

F=13.2 (1, 99), 

<0.01 

ELM disrupted          Yes 

                                    No 

38(37.3) 

63(61.8) 

46.1 +/-14.8 

61 +/-11.5 

F= 13.2 (1,99), 

<0.01 

EZ disrupted             Yes 

                                    No 

42(41.2) 

59(57.8) 

48.26 +/-14.8 

60.63 +/-12.4 

F=20.09 (1,99), 

<0.01 

DR severity stage 

Mild NPDR 

Moderate NPDR 

PDR 

 

53(52) 

37(36.3) 

10(9.8) 

 

57.96 +/-14.09 

55 +/-14.6 

45.1+/-14.2 

 

F=3.4 (1,99), 0.03 

Table 4.2- Associations between VA and retinal morphological features of 

DMO and DR  p<0.05 
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Variables that were identified on the univariate ANOVA that reached statistical 

significance were DR severity stage, type of DMO, presence of septae in 

intraretinal cysts, presence of DRIL and disruption of ELM and EZ. Other 

variables that were tested [type and symmetry of intra retinal fluid, presence of 

cysts and epiretinal membrane (ERM))]did not reach significance (Table 4.2).   

The results from GLM adjusted for RTF are shown in Table 4.3 

Variable B (95%CI), p-value 

(adjusted for RTF) 

Shape of DMO 

Dome 

Fusiform 

 

-1.7 (-9.1 to 5.5), 0.6 

Septae in cysts        Yes 

                                   No 

-4.7(-11 to 2.4), 0.1 

DRIL                          Yes 

                                   No 

9.8 (3 to 16.6), 0.005  

ELM disrupted          Yes 

                                    No 

14 (7.9 to 19.8), <0.01 

EZ disrupted             Yes 

                                    No 

10.5(4.7 to 16.4), 0.001  

DR severity stage 

Mild NPDR 

Moderate NPDR 

PDR 

 
11.6(2 to 21,1), 0.01  

 

8.8(-1 to 18.7), 0.07 
 
Reference 
 

 Table 4.3- Associations between VA and retinal morphological features of 

DMO and DR  GLM model, p <0.05 

 

 

  



 146 

After adjusting for RTF, variables that lost significance in the model were shape 

of DMO and presence of septae in cysts (Table 4.3) while all others remained 

significant. The parameter estimates show that better VA is associated with 

absence of DRIL, intact ELM and EZ and less severe stages of DR (Table 4.3).  

Presence of intact ELM is associated with a 14 letter better mean VA (14 (CI 

7.9- 19.8) p < 0.01) compared to eyes with disrupted ELM.  Similar differences 

in VA were also found when the EZ was intact and when DRIL was absent.  

 

4.3.2. Relationship between VA and OCT derived linear variables 
 

Correlation coefficients between VA and OCT derived linear variables are 

shown in Table 4.4, with horizontal extent of DRIL, ELM and EZ, thickness of 

retina at fovea and maximum pathology reaching statistical significance.  

.  

Variable VA 

Pearson’s correlation,  

p-value 

p-value 
 

RTF per 100 μm -0.27** 0.005 

MRT per 100 μm -0.4* 0.01  

Average global DRIL per 100 μm -0.53** 0.009 

ELM disruption at fovea per 100 μm -0.41* 0.01 

EZ disruption at fovea per 100 μm -0.44** 0.003 

Height of SRF per 100 μm  -0.1 0.5 

CT at fovea 100 μm -0.11 0.2 

CT temporal to fovea 100 μm -0.1 0.2 

CT nasal to fovea 100 μm -0.4 0.1 

Table 4.4- Correlation coefficients between VA and OCT derived linear 

variables** significant at the level of 0.01, *significant at level of 0.05 

 

The variables that were significant were then analysed by GLM and the results 

are described in table 4.5. The parameter estimates indicate that for each 100-

μm increase in the average global DRIL, there is a decrease in the mean VA of 

approximately 4.6 letters. With each 100 μm increase in disruption of ELM and   
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EZ, the mean VA decreased by 0.4 letters.  For each 100 μm of increase in 

RTF and MRT, VA decreased by 2.4 and 0.04 letters respectively. After 

adjustment for RTF, all the variables remained significant. MRT variable 

showed a strong impact on VA with each 100-μm increase in retinal thickness 

resulting in a decrease of 13.1 letters (-19.6 to -6.6, <0.01). Figure 4.1 shows 

the presence of disrupted ELM and EZ. 

 

Figure 4.1- SD-OCT image showing disrupted ELM and EZ in DMO 

 

Variable B (95%CI)  p-value 
 

B (95%CI)  p-value 
( adjusted for RTF) 

RTF per 100 μm -2.4(-4 to -0.7), 0.005  

MRT per 100 μm -0.04 (-.08 to-.01), 

0.01 

-13.1(-19.6 to -6.6), 

<.01 

Average global DRIL per 

100 μm 

-4.6(-8 to -1.3), 0.009 -4.7 (-7.9 to -1.4), 

0.006 

ELM disruption at fovea 

per 100 μm 

-0.4(-0.8 to -0.1), 0.01 -0.5 (-0.9 to -0.1), 

0.006 

EZ disruption at fovea per 

100 μm 

-0.4(-0.7 to -0.1), 

0.003 

-0.4(-0.7 to -0.1), 0.008 

 Table 4.5- Correlations between VA and OCT derived linear variables. GLM 

adjusted for RTF p<0.05 
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4.3.3. Relationship between DRIL with other retinal morphological 
features of DMO and DR 

 
Table 4.6 describes the relationship between presence of DRIL with retinal 

morphological features of DMO and DR. 

  DRIL  OR (95% CI) p-
value 

Variable  Yes 
 (n) 

No 
 (n) 

  

Type of DMO 
(n) 

Only IRF 17 55 reference  
0.7 
  Combined 

IRF and SRF 
6 23 0.8(0.2 to 2.4) 

Type of IRF 
(n) 

Diffuse 4 17 reference  

Cystoid 5 21 1(0.2 to 4.3) 0.9 

Mixed 14 40 1(0.2 to 4.3) 0.5 

Cysts in inner 
retina (n) c 

yes 20 61 1.8(0.4 to 7) 0.3 
 
 

no 3 17 reference 

Septae in 
cyst (n) c 

Yes 13 46 0.6(0.2-1.7) 0.3 
 
 

no 7 15 reference 

IRF symmetry 
at fovea 

Symmetrical 17 52 0.7(0.2 to 2) 0.5 
 
 

Asymmetrical 6 26 reference 

DMO shape 
(n) 

Dome 14 37 0.5(0.2 to1.4) 0.2 
 Fusiform 9 41 reference 

ERM yes 11 19 2.8(1 to 7.4) 0.03b 

no 12 59 reference 

ELM 
disrupted (n) 

yes 15 23 4.4(1.6 to12) 0.003b 

no 8 55 reference 

EZ disrupted 
(n) 

yes 14 28 2.7(1 to 7.2) 0.03b 

no 9 50 reference 

RTF (linear 
variable) 

NA NA NA 1.6(1.1 to 2.2) 0.002 b 

DR severity 
scale (n) 

Mild NPDR 9 44 reference  

Moderate 
NPDR 

8 29 1.3(0.4 to 3.8) 0.5 

PDR 6 4 7.3(1.7 to31.4) 0.007b 

     

Table 4.6 -Binary logistic regression with DRIL presence as the dependent 
variable showing relationships with other retinal morphological parameters 
a Binary logistic regression b p<0.05 c Total is only 81 as it includes cases only with 
the presence of cysts. 
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Figure 4.2 shows the presence of DRIL with ERM. The odds of having DRIL 

were greater in eyes with disrupted ELM (odds ratio 4.4, 95% CI (1.6 to12), 

p=0.003) and disrupted EZ (OR 2.7, 1 to 7.2, 0.03), presence of ERM  (OR 

2.8, 1 to 7.4, p=0.03) and increase in RTF (OR 1.6,1.1 to 2.2, 0.002) (Table 

4). DRIL was more likely to occur in eyes with PDR  (OR 7.3, 1.7 to 31.4, 

p=0.007) (Table 4.6).  

 

Figure 4.2- SD-OCT image showing the presence of DRIL and ERM in 

DMO. 

4.4. Discussion 
 
We systematically graded the tomographic images of the retina and sought 

relationships between the presence and severity of a number of 

morphological features of DMO including DRIL a novel and recently 

described biomarker with severity of DR and visual function.  Results from 

this study suggest that centrally located DRIL is correlated with VA in eyes 

with center-involved DMO and was strongly associated with the disruption of 

ELM and EZ layers and presence of ERM. Worsening of VA was seen with 

increasing DR severity and may be related to the presence of DRIL.    

  



 150 

The presence of central location of DRIL and the extent of disruption were 

both associated with worse VA (p=0.006), and these findings are similar to 

previous studies, which found DRIL to be a predictive marker for VA 

outcomes in eyes with resolved DMO after treatment  (Radwan, Soliman et 

al. 2015, Sun, Radwan et al. 2015, Sun, Lin et al. 2014).  A an important 

finding from our analysis has been the elucidation of the relationship between 

the horizontal extent of DRIL and VA and we have shown that for each 100 

micron increase in DRIL there is a negative impact of around 6 letters which 

is more than one line on the Early Treatment Diabetic Retinopathy Study 

(ETDRS) chart. It has been hypothesized that disorganization of the inner 

retina occurs when bipolar axons snap at a point when their elasticity limit 

has been exceeded due to oedema  (Pelosini, Hull et al. 2011). It has also 

been suggested that DRIL represent s loss of bipolar, amacrine or horizontal 

cells within the inner retinal layers,  (Sun, Lin et al. 2014). Key findings from 

the present analysis also include the highly significant relationships between 

presence of DRIL and outer retinal changes. DRIL was strongly associated 

with the disruption of ELM and EZ layers. In our study RTF was significantly 

increased in the presence of DRIL and taken together suggest that the 

mechanisms that create the conditions for inner retinal disorganization may 

also be responsible for concurrent disruption of the outer retinal architecture.  

We noted that these outer retinal changes were also significantly associated 

with poor VA compared and our findings are consistent with those from 

previous studies  (Forooghian, Stetson et al. 2010, Maheshwary, Oster et al. 

2010, Murakami, Nishijima et al. 2011, Shin, Lee et al. 2012).   Breakdown of 

the BRB in DMO could create the conditions for damage to the ELM and EZ.    
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Unlike DRIL where mechanical forces have been considered in its 

pathogenesis, it has been postulated that the disrupted ELM occurs as a 

consequence of impaired retinal function  (Murakami, Nishijima et al. 2011). 

It is presently unknown if the EZ line seen on OCT images truly corresponds 

to the histologic junction of the inner and outer segments.   An important 

consideration with the growing literature regarding the EZ is how to 

objectively and consistently evaluate disruption. Maheshwary et al  

(Maheshwary, Oster et al. 2010) concluded that not only is the status of Inner 

segment/Outer segment (IS/OS), disruption important, but the percentage 

disruption is a predictor of visual acuity in a patient. Spaide and Curcio 

speculated that this highly reflective band was located at the ellipsoid in the 

inner segments, considering the correlation between the microstructure on 

the SD-OCT images and the histologic findings (Spaide, Curcio 2011). Our 

present work not only reinforces the importance clinical relevance of an intact 

EZ but also suggests that the same pathogenic pathways that create 

conditions for DRIL also disrupt the outer retinal architecture. 

Cystic changes that appear within the macula represent focal areas of 

coalesced extra cellular fluid. These foci of fluid likely result from disturbed 

cellular function of the Müller cells which are thought to play an important role 

in acting as metabolic pumps to keep the macula dehydrated  (Rotsos, 

Moschos 2008, Deak, Bolz et al. 2010). There have been limited attempts to 

classify diabetic cystoid macular edema on an OCT basis and these studies 

emphasized the importance of determining the size of the cysts, and the 

adverse impact on visual acuity  (Panozzo, Parolini et al. 2004, Koleva-

Georgieva, Sivkova 2008). Based on the univariate analysis we observed 
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that VA was better in eyes with septae within cysts compared to those 

without and our findings support those of previous investigators. 

Many studies have shown that ERM is common in eyes with DMO and 

similarly we observed a high frequency of ERM in the present series. We 

systematically graded for ERMs that are recognized on OCT as thin, 

hyperreflective bands anterior to the retina or bright red bands in the 

pseudocolor representation on OCT  (Wilkins, Puliafito et al. 1996).  

Gandorfer et al showed that ERMs in DMO consist of multilayered 

membranes situated on a layer of native vitreous collagen, predominantly 

coupled with fibroblasts and fibrous astrocytes  (Gandorfer, Rohleder et al. 

2005).  Removal of the ERM by vitrectomy and membrane peel can result in 

resolution of the DMO and improvements in VA  (Gandorfer, Rohleder et al. 

2005, Sakimoto, Saito et al. 2008).   To date no study has examined the 

associations between ERM, DRIL and visual acuity and our observations of a 

strong relationship between these features suggest that a common 

pathological process.   Histological studies are required to understand the 

pathogenetic mechanisms underpinning these inner retinal morphological 

manifestations.  

 A prospective study investigated the correlation between the features of 

OCT and the severity of retinopathy (Alkuraya, Kangave et al. 2005). They 

found that the prevalence of DMO with serous retinal detachment and with 

vitreomacular traction was significantly higher in eyes with severe NPDR to 

PDR than in eyes with mild-to-moderate (Alkuraya, Kangave et al. 2005).  It 

is also known that increasing DR severity is associated with macular 

thickening  (Browning, Fraser et al. 2008).  While the present study also 
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shows similar finding it is the first to report an association between the 

presence of DRIL with increasing severity of PDR. Our finding of worsening 

of VA with increasing DR severity may be related to the presence of DRIL.    

A biomarker that is of interest is the visibility of the cone outer receptor 

segments (COSTS). It has been shown that there is reduced visibility of 

COSTS in patients with DMO. During grading we observed that COST lines 

could not be graded consistently even in normal eyes and therefore we did 

not grade for this biomarker. Our experience is similar to that of Rii et al who 

found that the outer retinal layers could be fragmented even in normal eyes 

scans  (Rii, Itoh et al. 2012). 

The strengths of this study are the homogenous sample of patients with 

DMO naïve to treatment with anti VEGF. The limitations of the study are its 

retrospective nature, use of data that was obtained as part of routine clinical 

care.    

In summary we have systematically studied both inner and outer retinal 

morphology in DMO and relationships both with VA and increasing severity 

of DR.  
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Chapter 5 

Structure and function in 
Diabetic retinopathy and 
Diabetic macular oedema 
 
5.1. Introduction 
 
Diabetic Retinopathy (DR) is a common complication of Diabetes Mellitus 

(DM). The features of DR when present are identical in both type 1 and type 

2 DM and include the development of microaneurysms (focal outpouchings 

of the retinal vessels), telangiectatic vessels, haemorrhages, exudates, 

capillary closure and neovascularization. Diabetic macular oedema (DMO) is 

condition where a very characteristic accumulation of fluid can occur which 

causes thickening of the macular retina is one of the clinical manifestations of 

DR. DMO is responsible for most of the visual loss experienced by patients 

with DM as it remains the major cause of vision loss in the highly prevalent 

type 2 DM(Moss, Klein et al. 1998). For many decades, DR and DMO have 

been considered pure microvascular complications of DM, however an 

increasing body of evidence suggests that neurodegeneration and retinal 

glial cells activation occur even before the earliest clinical manifestation of 

diabetic retinal vasculopathy (Barber 2003). Increase in retinal neuronal 

apoptosis together with changes in retinal vasculature culminates in the 

compromising of vision in diabetes patients (Barber 2003). In physiological 

conditions, a close relationship exists between the cellular and vascular 
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component of the retina in order to maintain the homeostasis necessary for 

normal operation. This interaction causes neurovascular damage in the 

course of retinal degeneration via changes that induce early microvascular 

changes, events that involve the breaking of the blood-retinal barrier, which 

is the stage prior to the onset of DMO (Fletcher, Phipps et al. 2005). 

Morphological examination of DMO starts from slit-lamp biomicroscopy and 

colour fundus photography both of which have been identified by the Early 

treatment diabetic retinopathy study (ETDRS) as standard methods to 

identify DMO and have been considered sufficient enough to start treatment 

for DMO(ETDRS report number 10. 1991). The introduction and widespread 

use of Spectral domain Optical coherence tomography (SD- OCT) has 

enabled measurement of retinal thickness but the vastly improved 

instrumentation now also permits characterization of the pathological 

features on a retinal layer-by-layer basis. SD OCT with superior resolution 

and reproducibility has resulted in the ability to differentiate early DMO from 

normality and several studies explored and identified tomographic features 

and correlated them with visual acuity(Sun, Radwan et al. 2015, Bolz, 

Schmidt-Erfurth et al. 2009, Deak, Bolz et al. 2010, Murakami, Yoshimura 

2013, Ota, Tsujikawa et al. 2007). A recent Cochrane review has proposed 

OCT as the new reference standard for assessment of DMO(Virgili, Menchini 

et al. 2015).  

Distance visual acuity (VA) has been traditionally used as the main measure 

of visual function due to its widespread availability and ease of use however, 

it does not accurately reflect the state of health of the macula.  Notably VA 

can be normal or close to normal even in the presence of different type of 
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macular pathology including DMO(Alkuraya, Kangave et al. 2005). Certain 

other psychophysical tests that are also easily performed are available such 

as near acuity, contrast sensitivity, reading speed, and low luminance acuity 

and more recently there is an increasing recognition that some of these may 

be better markers for overall macular function(Hogg, Curry et al. 2003, Fong, 

Barton et al. 1999, Richards 1977). Recently retinal sensitivity testing by 

microperimetry offers the possibility to obtain topographic maps of function, 

and improved technology and increasingly robust methodology for obtaining 

such maps is changing the current approach to the functional investigation of 

DR. Reduced retinal sensitivity in DR and DMO is being increasingly 

reported and this test of function therefore merits recognition as an important 

tool in the assessment of DR and DMO (Raman, Nittala et al. 2015, Midena, 

Radin et al. 2004, Vujosevic, Midena et al. 2006). Defects in Humphrey 

matrix testing have been described in diabetic patients with DR and studies 

have looked at correlations with retinal morphology (Parikh, Naik et al. 2006, 

Jackson, Scott et al. 2012, Boynton, Stem et al. 2015). With the advent of 

Anti-vascular endothelial growth factor (Anti-VEGF) treatment for DMO, 

studies are examining correlations between morphology and function to 

assess response to treatment. A recent study correlated improved retinal 

sensitivity with decrease hyper reflective spots on OCT after Anti-VEGF 

treatment for DMO(Vujosevic, Berton et al. 2016). As novel therapeutic 

modalities are being developed, there is an increasing need to gain a precise 

understanding of the specific pathophysiological features of DMO that 

associate with biomarkers of the diabetic state. 
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To date there has been no systematic analysis of retinal function in patients 

with DM but without DR, with early DMO and more advanced features of 

DMO with a view to identifying the structural correlates of very early 

functional deficits.  

We used using high resolution retinal imaging and functional tests that were 

performed in age matched persons without DM, those with DM but no visible 

retinal disease and those with DR and DMO in order to understand the 

functional cut points between these groups and to identify both biomarkers 

and unique risk factors.  

5.2. Methods 
 
The study adhered to the tenets of the Declaration of Helsinki and full ethical 

approval from the local ethics committee  (REC reference14/NI/1025 ).  The 

study is also registered with the following ClinicalTrials.gov Identifier: 

NCT02876393 

 

5.2.1. Sample 
 
The study recruited a total of 516 participants which included 172 with 

diabetes and 344 suitable age matched controls from the (Northern Ireland 

study of ageing) NISA study which is a population-based, cross-sectional 

study designed to investigate and explore the changes in visual function with 

normal aging in a healthy population.  

Full details of recruitment, exclusion and inclusion criteria and study design 

are given in Chapter 2 (Reference 2.4) 
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5.2.2. Vision Test Battery 
 
The tests and specific methods used to assess different aspects of visual 

function have been described in detail in chapter 2 (Reference 2.4). In brief, 

a comprehensive battery of tests were included: high and low luminance best 

corrected visual acuity (BCVA), contrast sensitivity, near visual acuity, SKILL 

card acuity/Low luminance deficit near, reading index, microperimetry and 

frequency-doubling threshold (FDT) perimetry. 

5.2.3. Ocular imaging 
 
After pupillary dilation of both eyes, stereoscopic fundus photographs centred 

on macula and optic disc were obtained. Ultrawidefield images were 

captured using the Optos as described in chapter 2 (reference 2.4). 

5.2.4. Eye selection for macular retinal sensitivity testing 
 
For the purposes of the more detailed testing of function which included 

macular sensitivity on the MAIA, frequency doubling perimetry we selected 

one eye only as these tests take a considerable length of time and patient 

comfort and cooperation would have been compromised if both eyes had 

been tested. For selection of the eye for detailed testing an algorithm was 

employed. In patients with DMO the eye with worse DMO was selected. For 

those without DMO the eye with better BCVA was selected and if both eyes 

had the same BCVA the eye for testing was randomly allocated. Tropicamide 

1% (PoM) Minims were used for dilation.  

All tests were completed at the NICRF at a single visit, Belfast City Hospital. 

To understand the effects of treatment with an anti VEGF on function and 

morphology a subset of 18 participants with DMO who had been commenced 
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on treatment were evaluated at a follow up visit that occurred after 4 months. 

The full batteries of functional and morphological tests were repeated at the 

follow up visit. 

The colour and OCT images were transferred to the Reading centre platform 

at Queens University, Belfast. The images were scrutinized and graded on 

the appropriate software for the respective acquisition system. The colour 

photographs were graded according to the ETDRS grading protocol (ETDRS 

report number 10. 1991) to derive a DR severity stage. The details of OCT 

grading have been described in the chapter 2 (Reference -2.3). In brief the 

OCT was graded for the type and shape of DMO, presence of intra retinal 

cysts, presence or absence of hyper reflective dots and foci, and the status 

of the vitreomacular interface and presence of an epiretinal membrane 

(ERM). 

The retinal thickness map analysis protocol on the Spectralis SD-OCT 

displays numeric averages of the measurements for each of the nine 

subfields, as defined by the ETDRS (ETDRS report number 7 1991).  

The average of all points within the inner circle of 1-mm radius was defined 

as central subfield thickness (CST). Vitreomacular adhesion (VMA) is a 

perifoveal vitreous detachment and is characterized by an elevation of the 

cortical vitreous above the retinal surface, with the vitreous remaining 

attached within a 3-mm radius of the fovea(Duker, Kaiser et al. 2013). The 

presence and absence of VMA was noted. Choroidal segmentation was done 

on the EDI OCT images briefly as described below. Choroidal stroma and 

vessel area analysis involved (i) automated binarization of high definition 

volume OCT B-scans and (ii) automated segmentation of the binarized 
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choroid layer (figure 5.2)(Agrawal, Wei et al. 2017). The binarized choroid 

layer was used to quantify the stromal area, vessel area, and vessel: stroma 

ratio, and percentage choroidal vascularity that is the choroidal vascularity 

index (CVI)  (Agrawal, Wei et al. 2017) and CVI was used in the analysis. 

Figure 5.1- Segmented choroid 

 

Figure 5.2- Binarized choroid 

 

5.2.5. Statistical analysis 
 
The statistical packages SPSS versions 20.0 and 24.0 statistical software 

(SPSS; IBM, Armonk, NY, USA) were used for analysis. 

Reliability filters were applied to the following data: frequency doubling 

perimetry mean deviation (<15% fixation loss and <33% false positive and 

false negative values) and microperimetry macular sensitivity (< 30% fixation 

stability) as per manufactures guidelines The data was initially analysed to 
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look for any inconsistencies or outliers and descriptive and summary 

characteristics of all demographics and ocular characteristics as well as 

visual function were tabulated.  For comparing the continuous variables 

among the DR and DMO severity groups, the general linear regression 

model (GLM) after adjusting for age and gender was employed. Binary 

logistic regression analysis was performed to identify the best combination of 

measures of visual function that explained most of the variance. Associations 

between specific SD-OCT morphological features with DR and DMO severity 

stages and functional linear metrics were tested by both the general linear 

model, independent sample T-test and Spearman’s rank correlation test. 

For testing the associations of the categorical variables such as the presence 

of co morbidities like hypertension, hyperlipidemia, nephropathy and 

neuropathy in the various stages of DR and DMO chi square test or Fisher’s 

exact test was used. Spearman’s rank correlations were used to investigate 

associations between glycemic control, duration of diabetes, and serum lipid 

profile with visual function test results. 
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5.3. Results 
 
 CASES (n=172) 

 
CONTROLS 
(n=344) 

p-value 

Gender n (%) 
 Males    
                        
Females 

 
124(72.1) 

 
48(27.9) 

 
155(45.1) 

 
189(54.9) 

 
<0.01 

Age mean +/-SD 
 

61.05 +/-13.63 59.19 +/-
13.20 
 

0.1 

Type of DM n (%)              
                      Type1 
 
                     Type 2 

 
46(26.7) 
 
126(73.3) 

  
 

 Type 1 
DM 
 

Type 2 
DM 

  
 

Duration of DM 
mean +/-SD 
 

 
354.6 
+/-180.3 

 
153.9 
+/-104.7 

 
 

<0.01 

Hypertension n 
(%) 
 

17(37) 75 (59.5) 90(26.2) <0.01 

Hyperlipidemia n 
(%) 
 

17(37) 72 (57.1) 76(22.1) <0.01 

Nephropathy n (%) 
 

1 (2.2) 4 (3.2)  0.5 

Neuropathy n (%) 
 

6 (13) 11 (8.7)  0.2 

Smoker n (%) 
                     Never 
 
                   Former 
 
                   Current  
 

 
 
32(69.6) 
 
10(21.7) 
 
4(8.7) 

 
 
79(62.7) 
 
41(32.5) 
 
6(4.8) 
 

 
 
234(68) 
 
77(22.4) 
 
30(8.7) 

 
 
 
 
0.2 

Phakic status n(%) 
(PNS nuclear 
staging)       0 
                     1 
                     2 
                     3 
 
 

 
 
26(56.5) 
13(28.3) 
 
 

 
 
39(31) 
50(39.7) 
2(1.6) 
2(1.6) 

 
 
164(47.7) 
127(36.9) 
 3(0.9) 

 
 
 
0.1 

Table 5.1 Participant characteristics of cases and controls 
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The study sample consisted of 516 participants; 172 cases with DM and 344 

healthy controls. Controls were age matched to cases and mean age was 

similar (table 5.1).  Selection of the controls was not based on gender, and a 

significant difference was seen on univariate analysis with males constituting 

a higher percentage of cases compared to controls p<0.01, therefore in all 

analysis we adjusted for age and gender. Nuclear opacity greater than 1 was 

only seen in around 3% of the cases and 1% of the controls and it was 

insignificant (p=0.1).  

 

5.3.1. Ocular characteristics 
 
The DR severity stage, which consists of 5 severity levels, was collapsed 

after analysis by homogenous subsets to 3 categories as there was overlap 

between the more severe categories and there were only 4 participants with 

proliferative DR (PDR). Therefore moderate non proliferative DR (NPDR), 

severe NPDR and PDR were combined into a single group (table 5,2a). A 

severity scale was constructed for DMO, which was based on OCT 

morphology as follows; no DMO defined as macula without the presence of 

any intraretinal fluid or cysts, few cysts but no retinal thickening (mild DMO) 

and DMO with retinal thickening (severe DMO).  
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Ocular characteristics of cases         
n=172 
 

n (%) 

Previous ocular surgery  
 

22(43) 

Laser PRP  
 

17(3.3) 

Macular laser  
 

16(3.1) 

DR severity stage  
                                       DM no DR 
 
                                       Mild NPDR 
 
                      Moderate to severe DR 
 

 
80 (47.1) 
 
68 (39.5) 
 
22 (12.8) 
 
 

DMO severity stage 
                                           No DMO 
 
                                         Mild DMO  
 
                                     Severe DMO 

 
122(70.9) 
 
17 (9.9) 
 
30 (17.4) 
 
 

Table 5.2- Ocular characteristics of participants with DM (cases) 
 
 
 
 

 No DMO 
 

Mild DMO Severe 
DMO 

DM no DR 
 

80 0 0 

Mild NPDR 37 
 

13 17 

Moderate-Severe 
DR 

5 2 15 

Table 5.2 a –Crosstabulations between DR and DMO severity stage 
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5.3.2. Visual function analysis and relationship with DR  
 
On comparing the markers of visual function between two key groups namely 

controls with no DM against participants with DM but no DR or DMO, 

statistically significant differences emerged from the univariate analysis. 

Differences for each of the measures of vision are tabulated in 5.3 a. Apart 

from the low luminance deficit distance, which is, measured at 4 M testing 

distance all other measures of vision showed statistically significant 

differences. 
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Variable 
 

Cases with DM  
 
(NO DR OR 
DMO)  
 
(mean +/- SD) 
 

Controls  
 
(NO DM) 
 
(mean +/- SD) 

p-value* 

BCVA, letters 
 

84.8 +/- 6.1 88.1+/- 4.4 <0.01 

Low luminance 
visual acuity, 
letters 
 

72.01 +/-7.4 75.5 +/-5.4 <0.01 

Low luminance 
deficit (distance) 
letters 
 

12.9 +/-4.4 12.6 +/- 4.05 0.5 

Near Visual 
Acuity, logMAR 
 

0.1+/-0.14 0.11+/-0.08 <0.01 

Reading Index 
 

120 +/-26.16 136.1+/-35.2 
(binocular) 
 

<0.01 

Contrast 
Sensitivity, log 
sensitivity 
 

1.5 +/-0.17 1.63 +/-0.12 <0.01 

LLD deficit near, 
number of letters 
difference 

33.94+/-8.8 30.06 +/- 5.6 <0.01 

 
Table 5.3 a Mean +/- SD of visual function comparing cases with DM (no DR 
or DMO) versus controls (no DM) *Independent samples t-test p<0.05 
 
 

 

On comparing the mean macular sensitivity (MS), central macular sensitivity 

(CMS) that is the average of central 5 points on the microperimerty grid and 

mean deviation (FDT-MD) on FDT between two key groups namely controls 

with no DM against participants with DM but no DR or DMO, statistically 

significant differences emerged from the univariate analysis. (table 5.3 b). 
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Variable 
 

Cases with DM  
 
(NO DR OR DMO)  
 
(mean +/- SD) 
 

Controls 
  
(NO DM) 
 
(mean +/- SD) 

p-value* 

MS, dB 
 

24.7+/-3.7 26.8+/-1.58 <0.01 

CMS, dB 
 

26.1+/-3.8 27.3+/-1.76 <0.01 

Mean deviation (FDT), 
dB 
 

-4.09+/-4.4 -1.75+/-2.97 <0.01 

Table 5.3 b Mean Retinal sensitivity and mean FDT comparing cases with 
DM (no DR or DMO) versus controls (no DM) *Independent samples t-test 
p<0.05 
 

 

The functional tests BCVA, Low Luminance Acuity (LLA), Low luminance 

deficit (LLD) distance, Near Visual Acuity (NVA), Reading Index (RI), 

Contrast Sensitivity (CS) and LLD near were available from both eyes. The 

GLM analyses were therefore performed both after selection of the better eye 

and then by worse eye in terms of DMO severity. The model GLM looked at 

the relationships of each of the visual functions with DR severity stage and 

compared it with the healthy controls, which was adjusted for age and 

gender. Participants with any severity level of DMO were excluded from this 

analysis. 
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5.3.2.1. BCVA  
 
The mean BCVA by better and worse eyes for patients with DM by category 

of DR and controls is shown in table 5.4 with the corresponding bar graph 

(figure 5.3).   Results from the GLM adjusted for age and gender are shown 

in table 5.5a-b shows that eyes of control participants had better BCVA 

compared to the eyes with any level of DR regardless of whether the 

selected eye was the better or worse of a participants pair of eyes (p<0.01). 

Mean BCVA was better by 3.2 and 7.5 letters in the better and worse eye 

respectively when comparisons were made between healthy controls and 

persons with DM but no DR.BCVA was reduced by over a line in participants 

with DM and no DR when compared to healthy controls. Significant 

differences between the no DR versus mild DR were only seen when the 

analyses were undertaken after selection of the worse eye.  
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Groups n BCVA  

(SE better eye) 

Mean +/- SD  

(letters) 

 

n BCVA  

(SE worse eye) 

Mean +/- SD  

(letters) 

Controls 343 88.14 +/- 4.4 343 88.1+/-4.4 

DM no DR 80 84.9 +/-6.1 72 80.8+/-9.3 

Mild DR 39 84.03+/-7.9 50 77.7+/-10.4 

Moderate - 

severe DR 

5 81.8+/-8.9 6 74.1+/-10.2 

  Table 5.4- Mean BCVA by better and worse eyes SE-study eye 

 

 

   

Figure 5.3- Bar graph of mean BCVA by DR severity status and by 

better and worse eye status.  
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Groups  BCVA 

(SE better eye) 

 Mean 

difference 

(letters) 

 

C.I. p-value 

 

Controls 

DM no DR 3.2 2 to 4.5 <0.01 

Mild DR 4.4 2.7 to 6.1 <0.01 

Mod-Severe DR 7.4 3 to 11.8 <0.01 

DM no DR Mild DR 1.1 -0.7 to 3 0.2 

Mod-severe DR 4.2 -2 to 8.6 0.06 

Table 5.5a- Pairwise comparisons of mean BCVA by DR severity groups and 

SE better eye. GLM adjusted for age and gender 

 

 

Groups BCVA 

(SE worse eye) 

Mean 

difference 

(letters) 

 

C.I.  p-value  

 

Controls 

DM no DR 7.5 5.9 to 9 <0.01 

Mild DR 10.5 8.6 to 12.3 <0.01 

Mod-Severe DR 14.2 8.1 to 18 <0.01 

DM no DR Mild DR 3.1 0.8 to 5.3 0.008 

Mod-severe DR 6.7 1.6 to 11.8 0.01 

Table 5.5b- Pairwise comparisons of mean BCVA by DR severity groups and 

SE worse eye. GLM adjusted for age and gender 
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5.3.2.2. LLA 
 
The mean LLA by better and worse eyes for patients with DM by category of 

DR and controls is shown in table 5.6 with the corresponding bar graph 

(figure 5.4). Results from the GLM adjusted for age and gender are shown in 

table 5.7a-b. The eyes of control participants had better LLA compared to the 

eyes with any level of DR regardless of whether the selected eye was the 

better or worse of a participants pair of eyes (p<0.01). Mean LLA was better 

by 3.2 and 6 letters in the better and worse eye respectively when 

comparisons were made between healthy controls and persons with DM but 

no DR. LLA was reduced by over a line in participants with DM and no DR 

when compared to healthy controls. Significant differences between the no 

DR versus mild DR were only seen when the analyses were undertaken after 

selection of the worse eye. Significant differences were seen between no DR 

and severe DR when analysis was done in both better and worse eyes. 
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Groups n LLA  

(SE better eye) 

Mean +/-SD 

 (letters) 

 

n LLA  

(SE worse eye) 

Mean +/-SD 

(letters) 

 

Controls 341 75.5+/-5.4 341 75.5+/-5.4 

DM no DR 80 72+/-7.5 72 69.4+/-9.9 

Mild DR 37 70.6+/-8.7 50 65.2+/-11.3 

Moderate - 

severe DR 

5 67+/-10.2 6 60.1+/-13.5 

Table 5.6- Mean LLA by better and worse eyes 

 

 

 

Figure 5.4- Bar graph of mean LLA by DR severity status and by better 

and worse eye status.  
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Groups 

 

LLA 

(SE better eye) 

Mean 

difference

(letters) 

 

C.I. p-value 

 

Controls 

DM no DR 3.2 1.8 to 4.3 <0.01 

Mild DR 4.9 3 to 6.7 <0.01 

Mod-Severe DR 9.5 4.7 to 14.3 <0.01 

DM no DR Mild DR 1.7 -0.3 to 3.8 0.1 

Mod-severe DR 6.3 1.4 to 11.1 0.01 

Table 5.7a- Pairwise comparisons of mean LLA by DR severity groups and 

SE better eye. GLM adjusted for age and gender 

 

 

Groups 

  

LLA 

(SE worse eye) 

Mean 

difference 

(letters) 

 

C.I.a p-valueb 

 

Controls 

DM no DR 6.0 4.3 to 7.7 <0.01 

Mild DR 9.7 7.7 to 11.7 <0.01 

Mod-Severe DR 15 9.7 to 20.3 <0.01 

DM no DR Mild DR 3.6 1.3 to 6 0.002 

Mod-severe DR 8.9 3.5 to 14.4 0.001 

Table 5.7b- Pairwise comparisons of mean LLA by DR severity groups and 

SE worse eye. GLM adjusted for age and gender. 
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5.3.2.3. LLD distance 
 
LLD distance is the difference between high and low luminance acuities 

measured at 4 M. The mean deficit by better and worse eyes for patients with 

DM by category of DR and controls is shown in table 5.8 with the 

corresponding bar graph (figure 5.5). Results from the GLM adjusted for age 

and gender are shown in tables 5.9 a-b. When the study eye (SE) was the 

better eye no differences were seen in the comparisons between control 

participants and those with DM by DR severity stage or when the comparison 

was between the eyes of participants with DM but no DR versus mild or 

severe DR (Table 5.9 a) When SE was the worse eye statistically significant 

differences were seen between controls and participants with DM with or 

without DR (except for the category of mild DR where no difference was 

observed).   In this category of mild DR the comparison with eyes with DM 

but no DR also did not reach significance for LLD.  However eyes with DM no 

DR had a significantly higher LLD compared to the group with 

moderate/severe DR. 
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Groups n LLD  

(SE better eye) 

Mean +/-SD 

(letters) 

n LLD  

(SE worse eye) 

Mean +/-SD 

(letters) 

Controls 341 12.6+/-4.05 341 12.6(4.05) 

DM no DR 80 12.9+/-4.5 72 11.2+/-5.3 

Mild DR 37 13.3+/-3.3 50 12.5+/-5.7 

Moderate - 

severe DR 

5 14.8+/-1.6 6 17.1+/-10.2 

 Table 5.8- Mean LLD by better and worse eyes 

 

 

 

Figure 5.5- Bar graph of  LLD by DR severity status and by better and 

worse eye status 
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Groups 

  

LLD 

(SE better eye) 

Mean 

difference 

(letters) 

 

C.I. p-value 

 

Controls 

DM no DR 0.05 -0.8 to 1 0.9 

Mild DR -0.4 -1.7 to 0.8 0.4 

Mod-Severe DR -2 -5.3 to 1.2 0.2 

 

DM no DR 

Mild DR -0.5 -2 to 0.8 0.4 

Mod-severe DR -2.1 -5.5 to1.2 0.2 

Table 5.9 a- Pairwise comparison of LLD by DR severity groups and SE 

better eye with GLM adjusted for age and gender   <0.05 

 

Groups 

  

LLD 

(SE worse eye) 

Mean 

difference 

(letters) 

 

C.I.a p-valueb 

Controls DM no DR 1.4 0.3 to 2.5 0.01 

Mild DR 0.7 -0.5 to 2.07 0.2 

Mod-Severe DR -3.9 -7.5 to -0.4 0.02 

 

DM no DR 

Mild DR -0.7 -2.2 to 0.8 0.3 

Mod-severe DR -5.4 -9 to -1.8 0.003 

Table 5.9 b- Pairwise comparison of LLD by DR severity groups and SE 

worse eye with GLM adjusted for age and gender  <0.05 
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5.3.2.4. NVA 
 
The mean NVA by better and worse eyes for patients with DM by category of 

DR and controls is shown in table 5.10 with the corresponding bar graph 

(figure 5.6). Results from the GLM adjusted for age and gender are shown in 

table 5.11a-b. The eyes of control participants had better NVA compared to 

the eyes with any level of DR regardless of whether the selected eye was the 

better or worse of a participant’s pair of eyes. Similarly, significant differences 

was also seen between eyes with DM but no DR and all levels of DR when 

analysis was undertaken regardless of whether the selected eye was the 

better or worse of a participants pair of eyes. 
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Groups n NVA  

(SE better eye) 

Mean +/-SD 

(logMAR) 

 

n NVA  

(SE worse eye) 

Mean +/-SD 

(logMAR) 

 

Controls 344 0.1+/-0.08 344 0.1+/-0.08 

DM no DR 80 0.1+/-0.14 71 0.2+/-0.25 

Mild DR 37 0.2+/-0.17 50 0.3+/-0.23 

Moderate - 

severe DR 

5 0.3+/-0.2 6 0.41+/-0.14 

Table 5.10- Mean NVA by better and worse eyes 

. 

 

 

Figure 5.6- Bar graph of NVA by DR severity status and by better and 

worse eye status 
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Groups 

 

NVA 

(SE better eye) 

Mean 

difference

(logMAR) 

 

C.I. p-value 

Controls DM no DR -0.1 -0.09 to -0.04 <0.01 

Mild DR -0.2 -0.1 to -0.08 <0.01 

Mod-Severe DR -0.2 -0.2 to -0.09 <0.01 

DM no DR Mild DR -0.04 0.002 to 0.08 0.03 

Mod-severe DR -0.1 -0.2 to -0.02 0.01 

Table 5.11a- Pairwise comparison of NVA by DR severity groups and SE 

better eye with GLM adjusted for age and gender  <0.05 

 

 

Groups 

  

NVA 

(SE worse eye) 

Mean 

difference 

(logMAR) 

 

C.I. p-value 

Controls DM no DR -0.1 -.1 to -0.09 <0.01 

Mild DR -0.2 -0.2 to -0.1 <0.01 

Mod-Severe DR -0.29 -0.4 to -0.1 <0.01 

DM no DR Mild DR -0.06 -0.1 to -.01 0.01 

Mod –severe DR -0.1 -0.2 to -.04 0.009 

Table 5.11b- Pairwise comparison of NVA by DR severity groups and SE 

worse eye with GLM adjusted for age and gender  <0.05.  
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5.3.2.5. Reading index (RI) 
 
The mean RI by better and worse eyes for patients with DM by category of 

DR and controls is shown in table 5.12 with the corresponding bar graph 

(figure 5.7). Results from the GLM adjusted for age and gender are shown in 

table 5.13a-b. The comparisons were only between each of the DR severity 

stages as RI was recorded in the binocular state in controls. There was no 

significant difference between no DR and all levels of DR when analysis was 

undertaken regardless of whether the selected eye was the better or worse 

of a participant’s pair of eyes. 
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Groups n RI  

(SE better eye) 

Mean +/-SD  

 

n RI  

(SE worse eye) 

Mean +/-SD 

 

 

DM no DR 59 120 +/-26.1 71 116.1+/-31 

Mild DR 34 123.8 +/-29.8 50 108.1+/-34.7 

Moderate - 

severe DR 

5 123.1+/-32) 6 107+/-38.9 

Table 5.12- Mean RI by better and worse eyes 

 

 

 

 

Figure 5.7– Bar graph of Reading Index by DR severity  and by better 

and worse eye status ( participants wth DM only) 
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Groups 

 

RI 

(SE better eye) 

 Mean 

difference 

 

 

C.I. p-value 

DM no DR Mild DR -4.3 -15.7 to 6.9 0.4 

Mod-severe DR -4.7 -29.7 to 20.1 0.7 

Table 5.13a- Pairwise comparison of RI by DR severity groups and SE better 

eye with GLM adjusted for age and gender  <0.05 

 

 

Groups 

  

RI 

(SE worse eye) 

Mean 

difference  

 

C.I. p-value 

DM no DR Mild DR 3.6 -9.5 to 16.8 0.5 

Mod –severe DR 4.7 -22.8 to -.32.2 0.7 

Table 5.13b- Pairwise comparison of RI by DR severity groups and SE 

worse eye with GLM adjusted for age and gender  <0.05 
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5.3.2.6. LLD near 
 
The mean LLD near by better and worse eyes for patients with DM by 

category of DR and controls is shown in table 5.14 with the corresponding 

bar graph (figure 5.8). Results from the GLM adjusted for age and gender are 

shown in table 5.15a-b. The eyes of control participants had better LLD near 

compared to the eyes with any level of DR regardless of whether the 

selected eye was the better or worse of a participant’s pair of eyes. 

Significant differences were also seen between participants with DM but no 

DR and mild DR when analysis was undertaken regardless of whether the 

selected eye was the better or worse of a participant’s pair of eyes. Only 

when the analysis was done on worse eye, LLD near shows a significant 

difference between DM but no DR and severe DR.  
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Groups n LLD near  

(SE better eye)  

Mean +/-SD 

 (letters) 

 

n LLD near  

(SE worse eye) 

Mean +/-SD 

(letters) 

Controls 344 30.6+/-5.6 343 30.6+/-5.6 

DM no DR 80 33.9+/-8.8 72 33.24+/-8.1 

Mild DR 37 37.73+/-9.7 50 36.52+/-10.7 

Moderate - 

severe DR 

5 37+/-10.5 6 42+/-7 

Table 5.14- Mean LLD near by better and worse eyes 

 

 

 

 

Figure 5.8- Bar graph of LLD near by DR severity status and by better 

and worse eye status 
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Groups 

 

LLD near 

(SE better eye) 

Mean 

difference 

(letters) 

 

C.I. p-value 

Controls DM no DR -2.8 -4.4 to -1.2 <0.01 

Mild DR -6.7 -8.9 to -4.2 <0.01 

Mod-Severe DR -6.2 -11.9 to-.4 0.03 

DM no DR Mild DR -3.9 -6.4 to -1.3 0.002 

Mod-severe DR -3.4 -9.2 to 2.4 0.2 

Table 5.15a- Pairwise comparison of LLD near by DR severity groups and 

SE better eye with GLM adjusted for age and gender  <0.05 

 

Groups 

  

LLD near 

(SE worse eye) 

Mean 

difference 

(letters) 

 

C.I. p-value 

Controls DM no DR -2.4 -4.1 to -0.7 <0.01 

Mild DR -5.2 -7.2 to -3.2 <0.01 

Mod-Severe DR -10.8 -16.1 to -5.5 <0.01 

DM no DR 

 

mild DR -2.8 -5.2 to -.4 0.01 

Mod-severe DR -8.4 -13.9 to -2.9 0.003 

Table 5.15 b- Pairwise comparison of LLD near by DR severity groups and 

SE worse eye with GLM adjusted for age and gender  <0.05 
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5.3.2.7. CS 
 
The mean CS by better and worse eyes for patients with DM by category of 

DR and controls is shown in table 5.16 with the corresponding bar graph 

(figure 5.9). Results from the GLM adjusted for age and gender are shown in 

table 5.17a-b. The eyes of control participants had better CS compared to 

the eyes with any level of DR regardless of whether the selected eye was the 

better or worse of a participant’s pair of eyes. When the SE was the better 

eye, no differences were seen between participants with DM but no DR and 

any level of DR. When the SE was the worse eye, significant differences 

were seen between DM but no DR and any level of DR.  
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Groups n CS  

(SE better eye)  

Mean+/- SD 

(logMAR) 

 

n CS  

(SE worse eye) 

Mean +/-SD 

(logMAR) 

 

Controls 344 1.6+/-0.12 344 1.6+/-0.12 

DM no DR 79 1.5+/-0.17 71 1.5+/-0.17 

Mild DR 37 1.4+/-0.14 50 1.4+/-0.2 

Moderate - 

severe DR 

5 1.4+/-0.17 6 1.3+/-0.1 

Table 5.16- Mean CS by better and worse eyes 

 

 

 

Figure 5.9- Bar graph of CS by DR severity status and by better and 

worse eye status 
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Groups 

 

CS 

(SE better eye) 

Mean 

difference 

(logMAR) 

 

C.I. p-value 

Controls DM no DR 0.1 0.06 to 0.13 <0.01 

Mild DR 0.13 0.09 to 0.17 <0.01 

Mod-Severe DR 0.2 0.09 to 0.31 <0.01 

DM no DR Mild DR 0.03 -0.01 to 0.08 0.1 

Mod-severe DR 0.1 -0.003 to 0.2 0.05 

Table 5.17a- Pairwise comparison of CS by DR severity groups and SE 

better eye with GLM adjusted for age and gender  <0.05 

 

 

Groups 

  

CS 

 (SE worse eye) 

MED 

(LogMAR) 

 

C.I. p-value 

Controls DM no DR 0.1 0.07 to 0.1 <0.01 

Mild DR 0.2 0.1 to 0.2 <0.01 

Mod-Severe DR 0.3 0.1 to 0.4 <0.01 

DM no DR Mild DR 0.09 0.04 to 0.1 <0.01 

Mod-severe DR 0.19 0.08 to 0.3 <0.01 

Table 5.17b- Pairwise comparison of CS by DR severity groups and SE 

worse eye with GLM adjusted for age and gender  <0.05 
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Binary logistic regression analysis was performed to identify the best 

combination of measures of visual function that explained most of the 

variance. The dependent variable was classified as controls or DM no DR. 

The model was run by study eye status (better or worse) with adjustment for 

age and gender (Tables 5.18 a-b). 

 

 MODEL 1- Controls vs. DM no DR  

(study eye better eye) 

 B Odds ratio C.I p-value 

NVA (logMAR) 4.8 0.008 0.0 to 0.1 <0.01 

CS (logMAR) -4.3 0.01 0.001to 0.1 <0.01 

LLD near 

(letters) 

0.04 1.04 1 to 1.09 0.03 

Table 5.18 a- Binary logistic regression showing the relationship between 

measures of visual function in patients with DM without DR when study eye 

is the better eye with model adjusted for age and gender 

 

Using a backward elimination approach, variables BCVA, LLA, LLD distance 

were removed in turn leaving NVA, CS and LLD near in the model when the 

study eye was the better eye. The odds of having increase in NVA (0.008), 

decrease in CS (0.01) and increase in LLD near  (1.04) were significant in 

participants with DM no DR compared to controls. 
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 MODEL 2- Controls vs. DM no DR  

(study eye worse eye) 

 B Odds ratio C.I p-value 

BCVA (letters) -0.23 0.78 0.7 to 0.8 <0.01 

CS (logMAR) -3.07 0.46 0.004 to 0.5 <0.01 

Table 5.18 b- Binary logistic regression showing the relationship between 

measures of visual function in patients with DM without DR when study eye 

is the worse eye with model adjusted for age and gender 

 

Using a backward elimination approach, variables NVA, LLA, LLD distance 

and near were removed in turn leaving only variables BCVA and CS in the 

model in which the study eye was the worse eye. The odds of having 

reduced BCVA and CS (0.78, 0.46) were significant in participants with no 

DM and no DR compared to controls.  
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Retinal sensitivity and FDT-mean deviation and DR severity stage 

MS and CMS that is the average of central 5 points on the microperimerty 

grid and mean deviation (FDT-MD) on FDT were tested only in the study eye 

with better BCVA. 

 

5.3.2.8. MS AND CMS 
 
Reliability indicators were applied as discussed previously to analyze the 

retinal sensitivity. The mean MS and CMS for patients with DM by category 

of DR and controls are shown in table 5.19 with the corresponding bar graph 

(figure 5.10). Results from the GLM adjusted for age and gender are shown 

in table 5.20 a-b. The eyes of control participants had better MS and CMS 

compared to the eyes with any level of DR. Similarly, significant differences 

was also seen between eyes with DM but no DR and all levels of DR. 
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Groups MS  

(n) 

Mean +/-SD 

dB.  

CMS (n) Mean +/-SD 

dB.  

Controls 305 26.8+/-1.5 305 27.3 +/-1.7 

DM no DR 73 25.7 +/-3.7 73 26+/-3.8 

Mild DR 36 24.9+/-2.6 36 24.5+/-3.5 

Moderate - 

severe DR 

4 22.1+/-2.9 4 20.8+/-5.8 

Table 5.19- Mean MS and CMS in controls and cases (with DM) 

 

 

 

  

Figure 5.10 -Bar graph of MS and CMS by DR severity status. 
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Groups 

 

MS Mean 

difference 

(dB.) 

C.I. p-value 

Controls DM no DR 1.1 0.6 to 1.6 <0.01 

Mild DR 2 1.3 to 2.7 <0.01 

Mod-Severe DR 5.3 3.4 to 7.3 <0.01 

DM no DR Mild DR 0.8 0.1 to 1.6 0.02 

Mod-severe DR 4.2 2.2 to 6.2 <0.01 

Table 5.20a- Pairwise comparison of MS by DR severity groups GLM 

adjusted for age and gender p <0.05 

 

 

Groups 

 

CMS Mean 

difference 

(dB) 

C.I. p-value 

Controls DM no DR 1.1 0.5 to 1.7 <0.01 

Mild DR 2.7 1.8 to 3.4 <0.01 

Mod-Severe DR 6.8 4.6 to 9.1 <0.01 

DM no DR Mild DR 1.6 0.6 to 2.5 <0.01 

Mod-severe DR 5.7 3.4 to 8 <0.01 

Table 5.20 b- Pairwise comparison of CMS by DR severity groups GLM 

adjusted for age and gender p <0.05 
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5.3.2.9. FDT-MD 
 
The mean FDT-MD for patients with DM by category of DR and controls is 

shown in table 5.21 with the corresponding bar graph (figure 5.11). Results 

from the GLM adjusted for age and gender are shown in table 5.22. The 

average mean deviation was significantly better in controls compared to 

participants with DM but no DR and early DR. No significant differences were 

seen with DM no DR and all levels of DR. 

Groups n Mean +/-SD 

dB 

Controls 247 -1.7 +/-2.8 

DM no DR 60 -4 +/-4.4 

Mild DR 33 -3.6 +/-3.2 

Moderate-severe DR 5 -4.1 +/-3.8 

Table 5.21- Mean FDT-MD in controls and cases (with DM) 

 

 

Figure 5.11- Bar graph of FDT-MD by DR severity status  
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Groups 

 

FDT-MD Mean 

difference 

(dB) 

C.I. p-value 

Controls DM no DR 2.4 1.5 to 3.4 <0.01 

Mild DR 2.2 1 to 3.4 <0.01 

Mod-Severe DR 3 0.1 to 6 0.03 

DM no DR Mild DR -0.2 -1.6 to 1.1 0.7 

Mod-severe DR -0.5 -2.4 to 3.5 0.7 

Table 5.22- Pairwise comparison of FDT-MD by DR severity groups GLM 

adjusted for age and gender p <0.05 
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5.3.3. Relationship of Visual function with DMO   
 
 
The mean visual function measures by better and worse eyes for patients by 

category of DMO severity is shown in table 5.23. As the participants with DM 

and no DMO have already been compared with healthy controls previously, 

they analysis was done only in the participants with DMO. Results from the 

GLM adjusted for age and gender are shown in table 5.24. When the study 

eye was the better eye, mean BCVA, LLA and NVA was significantly better in 

participants with no DMO compared to both mild and severe forms of DMO.  

When the study eye was the worse eye, mean BCVA, LLA and NVA showed 

significant differences were seen between participants with severe DMO 

compared to those without.  

Significant difference in mean RI and CS was seen between no DMO and 

severe DMO when study eye was better eye and there was no difference 

with mild DMO. However, when the study eye was the worse eye, significant 

differences were seen between no DMO and all levels of DMO. Mean LLD 

near was found to be significantly better in no DMO compared to mild DMO 

only when the study eye was the worse eye.  

Significant differences between mild and severe stages of DMO were seen 

only with BCVA and LLA. 
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Functional test  DMO 

severity 

N Mean +/-SD 

SE better 

eye 

N Mean +/-SD 

SE worse 

eye 

BCVA (letters) No DMO 

Mild 

Severe 

122 

15 

32 

84.4+/-6.8 

79.73+/-6.9 

72.63+/-12.8 

129 

18 

23 

79.3(9.8) 

75.4+/-7.5 

67.61+/-13.9 

VA at Low 

luminance 

(letters) 

No DMO 

Mild 

Severe 

122 

15 

32 

71.3+/-8 

65.9+/-8.1 

59.97+/-13.8 

129 

18 

23 

67.2+/-11 

63.1+/-10.7 

56.6+/-12 

NVA, LogMAR No DMO 

Mild 

Severe 

122 

15 

32 

0.2+/-0.15 

0.3+/-0.18 

0.4+/-0.27 

128 

17 

23 

0.2+/-0.24 

0.4+/-0.26 

0.5+/-0.27 

RI No DMO 

Mild 

Severe 

99 

15 

31 

121.8+/-27.3 

103.2+/-35.8 

99.2+/-31.07 

105 

18 

21 

112.1+/-32.9 

92.3+/-40.2 

91+/-31.1 

LLD near No DMO 

Mild 

Severe 

122 

15 

31 

35.07+/-9.2 

36.3+/-10.1 

37.7+/-10.4 

129 

18 

23 

34.8+/-9.4 

40.3+/-9.7 

36.04+/-9.8 

CS 

LogMAR 

No DMO 

Mild 

Severe 

121 

14 

32 

1.5+/-0.16 

1.4+/-0.18 

1.4+/-0.17 

128 

17 

23 

1.4+/-.21 

1.3+/-.24 

1.3+/-.20 

Table 5.23- Mean +/- SD of visual function by category DMO severity  
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Tests  DMO 

severity 

Mean 

Diff 

Better 

Eye 

 

 p-value Mean 

Diff 

Worse 

Eye 

 

p-value 

 

BCVA 

(letters) 

No DMO Mild  

Severe 

4.6 

12 

 0.03 

 <.01 

3.4 

11.9 

0.1 

<0.01 

Mild Severe -7.3  0.004 8.4 0.008 

 

LLA 

(letters) 

No DMO Mild 

Severe 

5.3 

11.5 

 0.02 

<0.01 

3.3 

10.9 

0.2 

 <0.01 

Mild Severe 6.1  0.03 7.6  0.02 

 

Near VA 

logMAR 

No DMO Mild 

Severe 

-.13 

-.24 

.01 

 <.01 

-.0.1 

-.2 

.06 

<0.01 

Mild Severe .11 0.05 -0.1 0.1 

 

RI 

No DMO Mild 

Severe 

17.9 

22.4 

.02 

 <0.01 

19.9 

20.4 

0.01 

0.01 

Mild Severe 4.4 0.6 0.5 0.9 

LD near 

(letters) 

No DMO Mild 

Severe 

-1.4 

-2.7 

 0.5 

0.6 

-6 

-1.5 

0.01 

0.4 

Mild Severe -1.3 0.6 4.5 0.1 

 

CS log 

No DMO Mild 

Severe 

.06 

.13 

0.1 

 <. 01 

0.1 

0.1 

0.04 

0.02 

Mild Severe .06 -0.2 0  0.9 

Table 5.24- Pairwise comparison of visual functions by DMO severity groups 

GLM adjusted for age and gender p <0.05  
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Retinal sensitivity and FDT-mean deviation and DMO severity stage 

The MS, CMS and FDT-MD by better and worse eyes for patients by 

category of DMO severity is shown in table 5.25 a. Results from the GLM 

adjusted for age and gender are shown in table 5.25 b. Average MS and 

CMS were significantly better in those without DMO compared to those with 

DMO. Mean CMS significantly decreased in severe DMO compared to mild 

DMO. FDT MD did not show any significant association. 

 

Functional test  DMO severity N Mean +/-SD 

 

Mean MS, dB No DMO 114 25.3+/-3.4 

 Mild DMO 15 23.4+/-2.7 

 Severe DMO 31 22.6+/-3.2 

Mean CMS,dB No DMO 114 25.4+/-3.9 

 Mild DMO 15 23+/-3.9 

 Severe DMO 32 20.1+/-5.9 

Mean FDT-MD,dB No DMO 98 -3.8+/-3.9 

 Mild DMO 12 -4.3+/-3.5 

 Severe DMO 28 -4.7+/-3.8 

Table 5.25 a- Mean +/- SD of MS, CMS and FDT-MD by category DMO 

severity  
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 Test DMO 

severity 

 Mean 

difference 

C.I, p-value 

 

MS, dB. 

No DMO Mild 1.8 0.16 to 3.6.0.03 

Severe 2.7 1.5 to 4, <0.01 

Mild DMO Severe DMO 0.8 -1 to 2.8, 0.3 

 

CMS, dB. 

No DMO Mild 2.3 -0.04 to 4.6, 0.05 

Severe 5.3 3.5 to 7, <0.01 

Mild DMO Severe DMO 2.9 0.2 to 5.6,0.03 

 

 FDT MD, 

dB. 

No DMO Mild 0.3 -2 to 2.7, 0.7 

Severe 0.8 -0.8 to 2.5,0.3 

Mild DMO Severe DMO 0.7 -2.2 to 3.1, 0.7 

Table 5.25 b- Pairwise comparison of MS, CMS, and FDT-MD by DMO 

severity groups GLM adjusted for age and gender p <0.05 
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5.3.4. Correlations between BCVA and measures of visual functions 
 
Spearman’s rank correlations were performed to look for relationship of 

BVCA with other measures of visual function like LLA, LLD distance, NVA, 

RI, LLD near and CS. Significant relationships (p<0.01) were seen with all 

the measures of functions except with LLD. Scatter plots showing their 

relationships are seen in figures 5.12 to 5.17 

 

Figure 5.12- Scatter plots demonstrating relationship between BCVA and 

LLA 

Increase in mean LLA is seen with increase in BCVA is seen (R2=0.71) 
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Figure 5.13- Scatter plots demonstrating relationship between BCVA and 

LLD 

Mean LLD did not change with increase in BCVA and was not statistically 

significant (R2 =0.006). 

 

 

 

Figure 5.14- Scatter plots demonstrating relationship between BCVA and 

NVA 

The scatter plots show that as the mean BCVA increase the mean NVA 

decreases (R2=0.60).  
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Figure 5.15- Scatter plots demonstrating relationship between BCVA and RI 

The scatter plots show that as the mean BCVA increase the mean RI 

increases (R2=0.29). 

 

 

 

Figure 5.16- Scatter plots demonstrating relationship between BCVA and 

LLD near 

The scatter plots show that as the mean BCVA increases the LLD near 

decreases (R2=0.05).  
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Figure 5.17- Scatter plots demonstrating relationship between BCVA and CS 

The scatter plots show that as the mean BCVA increases CS increases 

(R2=0.33). 
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Correlations between BCVA and Retinal sensitivity and FDT-MD 

Spearman’s rank correlations were performed to look for relationship with 

BVCA and MS, CMS ans FDT-MD and significant relationships (p<0.01) 

were seen with all these measures. Scatter plots showing their relationships 

are seen in figures 5.18 to 5.20 

 

Figure 5.18- Scatter plots demonstrating relationship between BCVA and 

MS 

 

 

Figure 5.19- Scatter plots demonstrating relationship between BCVA and 

CMS 

The scatter plots show that as the BCVA increases there is an increase in 

macular and central macular sensitivity increases (R2=0.36, 0.43).  



 211 

 

 

 

Figure 5.20- Scatter plots demonstrating relationship between BCVA and 

FDT-MD 

The scatter plots show that as the mean BCVA increases, FDT-MD 

decreases (R2=0.13). 
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5.3.5. Relationships of tomographic features with DR/DMO and 
measures of visual function 

  
SD-OCT images were graded as described in chapter 2 (reference 2.2). The 

presence of DRIL or outer retinal disruption was not seen in any of the eyes 

and therefore the morphological features and tomographic metrics that were 

used in the analysis were presence of intraretinal cysts, VMA, CST and CVI. 

The presence of VMA did not show any significant relationships with DR 

severity stage and visual function. No significant differences were noted 

between the DR severity groups in the presence of intraretinal cysts. 

 

5.3.5.1. Relationship between intraretinal cysts and visual function 
 
The presence of intraretinal cyst and its relationship with visual functions are 

shown in table 5.26. The presence of cysts was significantly associated with 

decrease in mean BCVA, LLA, NVA, RI and CS. There was no significant 

relationship seen with LLD distance or near. 
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  Function Cyst n Mean +/-SD C.I p-value 

BCVA 

(letters) 

 No 

 Yes 

142 

27 

79 +/-9.7 

68.7+/-13.1 

6 to 14.6 

 

0.002 

LLA 

(letters) 

No 

Yes 

142 

27 

70.7+/-8.1 

58.04+/-13.8 

8.8 to 16.5 

 

<0.01 

NVA 

(logMAR) 

No 

Yes 

140 

26 

0.2+/-0.2 

0.4+/-0.3 

-0.2 to -0.08 

 

<0.01 

RI No 

Yes 

142 

27 

119.4+/-27.6 

94.2+/-35.3 

12.7 to 37.6 

 

0.02 

LLD near 

(letters) 

No 

Yes 

142 

27 

35.4+/-9.7 

36.1+/-10.7 

-4.7 to 3.4 

 

0.7 

CS(logMAR) No 

Yes 

141 

26 

1.4+/-0.2 

1.3+/-0.2 

0.05 to 0.2 

 

0.002 

Table 5.26- Relationship between intraretinal cysts and visual function   

Independent samples-t test p<0.05 
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Relationship of intraretinal cysts with MS, CMS and FDT-MD. 

MS and CMS were significantly reduced in the presence of intraretinal cysts 

on SD-OCT (table 5.27). No relationship was seen with FDT-MD. 

 

 

  Function Cyst n Mean +/-SD C.I p-value 

MS, dB No 

Yes 

134 

26 

25.05+/-3.3 

22.3+/-3.4 

1.2 to 4 

 

<0.1 

CMS, dB No 

Yes 

134 

27 

24.9 +/-4  

20.04+/-6.6 

3 to 6.8 

 

<0.01 

FDT-MD Yes 

No 

114 

24 

-3.81+/-3.8 

-5.3+/-3.8 

-0.14 to 3.3 0.07 

Table 5.27- Relationship between intraretinal cysts and retinal sensitivity and    

FDT-MD Independent samples-t test p<0.05 
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5.3.5.2. Relationships between CST and DR /DMO  
 
In the control group mean and median of the CST was 284 and 283 μm 

respectively, range 208 to 335 μm. The CST was then dichotomised into 2 

groups as ≤ 285 μm and ≥ 286 μm. The results of chi square analysis 

showing relationships with CST with DR are shown in table 5.28. The 

participants with DMO were included in the DR severity stages. Significant 

associations were seen with CST and presence of DR. 

 

 

 DM no 

DR 

(n) 

Mild DR 

(n) 

Mod-severe 

DR (n) 

p-valuea 

CST    ≤ 285 μm 39 26 3 0.01a 

             ≥ 286 μm. 41 41 19  

Table 5.28- Relationship between CST and DR severity stage 

chi-square p<0.05  
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5.3.5.3. Correlations between CST and visual function 
 
Spearman’s rank correlations were performed to look for relationship with 

measures of visual function. Highly significant correlations were seen with 

BCVA, LLA, NVA and CS (p<0.01). Scatter plots in Figures 21 -24 shows 

these correlations. 

 

Figure 5.21- Scatter plot showing relationships of BCVA with CST  

Scatter plots shows that as there is increase in CST, there is a decrease in 

BCVA ( R2 =0.28) 

 

 

Figure 5.22- Scatter plot showing relationships of LLA with CST  

Scatter plots shows that as there is increase in CST, there is a decrease in 

LLA (R2 =0.24) 
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Figure 5.23- Scatter plot showing relationships of NVA with CST  

Scatter plots shows that as there is increase in CMT, there is an increase in 

NVA (R2 =0.30) 

 

 

Figure 5.24- Scatter plot showing relationships of CS with CST  

Scatter plots shows that as there is increase in CMT there is a decrease in 

CS (R2 =0.11) 
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Correlations of Retinal sensitivity and FDT-MD with CST 
 
Spearman’s rank correlations were performed to look for relationship of CST 

with MS, CMS and FDT-MD. Significant correlation was only seen with CMS 

(R2=0.03), which is shown in scatter plot below (Figure 5.25).  

 

 

Figure 5.25-Scatter plot showing relationship of CMS with CST 
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5.3.5.4. Relationship between CVI and DR /DMO  
 
The mean CVI by category of DR and DMO severity and controls is shown in 

table 5.29 with the corresponding bar graph (figure 5.26). Results from the 

GLM adjusted for age and gender are shown in table 5.30. Mean CVI was 

significantly better in controls compared to all levels of DR and DMO severity 

stages, and is seen to increase with increasing severity of both DR and 

DMO. However no differences were noted within the stages of DR and DMO  
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DR severity stage 

(DMO excluded) 

n Mean +/-SD 

Arbitrary units 

Controls 64 0.30 +/-0.08 

DM no DR 54 0.56 +/-0.03 

Mild DR 29 0.57+/-0.02 

Moderate DR 3 0.58 +/-0.01 

DMO severity stage   

No DMO 150 0.45 +/-0.14 

Mild DMO 10 0.58 +/-0.03 

Severe DMO 22 0.58 +/-0.02 

Table 5.29- Mean CVI units in DR and DMO severity stages. 

 

 

 

  

Figure 5.26- Bar graph showing mean CVI in DR and DMO severity stages 

and controls. 
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DR severity 

stage 

 CVI Mean 

difference 

C.I., p-value 

 

Controls   

               DM no DR -0.26 -0.28 to -0.24, <0.01 

             Mild DR -0.27 -0.29 to -0.24, <0.01 

  Mod –severe DR -0.27  -0.34 to -0.21, <0.01 

DMO severity 

stage 

   

 

No DMO 

              Mild DMO -0.1 -0.1 to -0.03, 0.007 

           Severe DMO -0.1 -0.1 to -0.04, <0.01 

Table 5.30- Pairwise comparison of CVI by DR/DMO severity groups GLM 

adjusted for age and gender p <0.05 

 

 

 

5.3.5.5. Correlations between CVI and Visual function  
 
Spearman’s rank correlations were done to look for relationship of CVI with 

measures of visual function. Highly significant correlations were seen with 

BCVA, LLA, NVA and CS (p<0.01). Scatter plots in Figures 5.27- 5.30 shows 

these correlations. 
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Figure 5.27- Scatter plot showing relationships of BCVA with CVI 

Scatter plots shows that as there is increase in CVI, there is a decrease in 

BCVA ( R2 =0.05) 

 

 

Figure 5.28- Scatter plot showing relationships of LLA with CVI 

Scatter plots shows that as there is increase in CVI, there is a decrease in 

LLA (R2 =0.04) 
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Figure 5.29- Scatter plot showing relationships of NVA with CVI 

Scatter plots shows that as there is increase in CVI, there is an increase in 

NVA ( R2 =0.08) 

 

 

  

Figure 5.30- Scatter plot showing relationships of CS with CVI 

Scatter plots shows that as there is increase in CVI, there is a decrease in 

CS (R2 =0.09) 
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Correlations of Retinal sensitivity and FDT-MD with CVI 

Spearman’s rank correlations were performed to look for relationship of CVI 

with MS, CMS and FDT-MD. Retinal sensitivity and FDT-MD significantly 

decreased with increasing CVI as shown in scatter plots figure 5.31-5.32. 

 

 

Figure 5.31- Scatter plot showing relationships of MS and CMS with CVI 

 

 

 

Figure 5.32- Scatter plot showing relationships of FDT-MD with CVI 
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Clinical characteristics of the study sample and their relationships with 
 
 DR and DMO severity stages and visual function. 
 
The clinical characteristics in the study population such as presence of 

hypertension and hyperlipidemia, smoking status, duration of DM, glycaemic 

status and levels of blood lipids were examined only on participants with DM 

as we did not have these data for the controls. The participants with DM were 

divided into DM but no DR, DR present but no DMO, DR with mild DMO and 

DR with severe DMO for the purpose of analysis.  

The only variables that showed significant associations were duration of DM 

and glycaemic control. GLM adjusted for age and gender looked at these 

relationships between duration and the results are tabulated in tables 5.31 

and 5.32. Duration of DM did not show any significant difference from severe 

DMO to other levels of DR (table 5.31). However, on pair wise comparison, it 

was significantly lower in patients with no DM no DR compared to patient 

with DR (mean difference -80.3, p=0.007).  

Mean HbA1c values are seen to increase with increasing severity of DMO. In 

participants with DR and no DMO, there was no significant association. 

However, HbA1c levels were significantly better in participants with DM and 

no DR compared to participants with all levels of DMO (table5.32). 
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Groups n Mean (SD) 

months 

B C.I.,p-value 

DM no DR 76 181.6(155) -27.9 -92.4 to 36.4,0.3 

DR no DMO 42 255 .1(165) 52.3 -19.1 to 123.9,0.1 

DR and mild DMO 16 232.5(141.1) 22.4 -70.6 to 115.5,0.6 

DR and severe 

DMO 

31 205.1(145.9) reference  

Table 5.31- Duration of DM (months) in varying stages of DR and DMO  

GLM adjusted for age and gender. p-value<0.05 

 

 

 

Groups n Mean (SD) 

mmols/mol 

B C.I, p-value  

DM no DR 62 63.4(13.6) -10.03 -16.5 to -3.5, 

0.003 

DR no DMO 42 71.5(15.4) -2.3 -9.3 to 4.5, 0.4 

DR and mild DMO 15 62.2(14.2) -11.02 -20.2 to -1.7, 0.02 

DR and severe DMO 30 73.6(16.9) reference  

Table 5.32- Mean Hba1c values in varying stages of DR and DMO   

GLM adjusted for age and gender. p-value<0.05 
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Spearman’s correlations were performed to look for correlations between 

duration of DM, HbA1c and serum lipid profile. Significant correlations were 

noted only with BCVA and HbA1c values and duration of DM. Increase in 

BCVA was significantly associated with lower HbA1c values (Spearman r= -

0.21, p=0.01) and shorter duration of DM (-0.16, p-0.03). A scatter plot 

showing these relationships are shown in figure 5.33 and 5.34. 

 

 

Figure 5.33 Scatter plot showing relationship with Hba1c levels and BCVA 

 

 

Figure 5.34 Scatter plot showing relationship with duration of DM and BCVA 
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5.3.6. Longitudinal study  
 

Change in visual function and SD-OCT parameters during the 4-month 
follow up. 
 
A total of 23 participants with DMO were recruited at the first visit into the 

longitudinal study, however 4 participants were excluded as they did not 

complete the follow up visit. Tables 5.33 show the results of change in visual 

functions from baseline to follow up in a subset of 19 participants with DMO 

who were treated with Anti-vascular endothelial factor (Anti-VEGF). Due to a 

sample not confirming to normal distribution, Wilcoxin signed rank tests were 

used to test the difference between the continuous variables. The results 

indicate that the after measurements show an increase only with respect to 

BCVA (average rank of 3.6 vs. average rank of 10.1). The Wilcoxon signed 

rank test shows that the observed difference between both measurements is 

significant. There was no other functional parameter that showed any 

significant difference. 
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Function Baseline 

Mean +/-SD 

n=19 

Follow up  

(4 months) 

Mean +/-SD n=19 

Z a, p-

value 

BCVA (letters) 68.16 +/-11.3 75.11 +/-11.6 -2.7,0.006 

LLA (letters) 59.58 +/-11.3 63.42 +/-12.7 -1.3,0.1 

LLD distance 

(letters) 

9.89 +/- 5.9 

 

11.6 +/-7.1 -0.9, 0.3 

NVA (LogMAR) 0.46 +/-0.2 0.4 +/-0.3 -1.3,0.1 

Reading Index 97.01+/-35.01 92.85 +/-33.3 -0.1,-0.8 

LLD near (letters) 36.2 +/-9 37.7 +/-9 -0.76,0.4 

CS(LogMAR) 1.3 +/-0.13 1.3 +/-0.1 -1.4,0.1 

Table 5.33- Change in functional metrics from baseline to follow up  

a Wilcoxin signed rank test p<0.05 
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The change in retinal sensitivity from baseline to follow up is shown in table 

5.34. The results indicate that the after measurements show a statistically 

significant increase in average MS (average rank of 4.8 vs. average rank of 

10.1). However, the after measurements showed a statistically significant 

decrease in the central sensitivity (average rank of 9 vs. average rank of 1). 

There was no significant change in the mean deviation (FDT) at follow up. 

 

Function Baseline 

Mean +/-SD 

n=16 

Follow up 

(4 months) 

Mean +/-SD 

n=16 

Z a, p-value 

MS,dB 22 +/-2.6 23.2 +/-3 -2.2,0.02 

CMS, dB 19.9 +/-3.8 11.7 +/-2.9 -3.4,0.001 

Table 5.34- Change in retinal sensitivity from baseline to follow up a Wilcoxin 

signed rank test   p<0.05 
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Change in the CST from baseline to follow up is seen in Table 5.35. The 

results indicate that the after measurements show a statistically significant 

decrease in mean CST thickness (average rank of 17 vs. average rank of 2). 

There were no significant changes in the morphological parameters graded 

on SD-OCT like presence of subretinal fluid, shape of the DMO, outer retinal 

integrity. There was also no significant change in the DR severity stage at 

follow up.  

 

 

Function Baseline 

Mean +/-SD 

n=19 

Follow up 

(4 months) 

Mean +/-SD 

n=19 

Z a, p-value 

CST μm 422.4 +/-68.5 350.4 +/-78.8 -3.3,0.001 

Table 5.35- Change in CST thickness from baseline to follow up a Wilcoxin 

signed rank test p<0.05 
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5.4. Discussion 
 
The key features of the study was the identification of the functional cut 

points that separated normal age matched controls, from patients with DM 

but without DR or DMO and this latter group from patients with minimal DR or 

DMO. The summary of visual function results from eyes with better VA and 

eyes with worse VA are shown in the matrix table 5.36.  

Function         Control 
          v/s   
         DM no DR 
 

     DM no DR 
         v/s  
      Mild DR 

   DM no DR  
       v/s  
Mod-severe DR 

 Better 
eye 
 

Worse 
eye 

Better 
eye 

Worse 
eye 

Better 
eye 

Worse 
eye 

BCVA 
 

Sig* Sig Not sig Sig Not sig Sig 

LLA 
 

Sig Sig Not sig Sig Sig Sig 

LLD 
distance 
 

Not 
sig** 

Sig Not sig Not sig Not sig sig 

NVA 
 

Sig Sig Sig Sig Sig Sig 

LLD near 
 

Sig Sig Sig Sig Not sig Sig 

CS 
 

Sig Sig Not sig Sig Not sig Sig 

Table 5.36- Summary and comparison of visual function results between 

controls and DR severity* Sig-significant **Not significant 

 

All the functional measures descried above were significantly better in the 

controls compared to participants with DM but no DR irrespective of the eye 

chosen for analysis except LLD distance, which was significant only when 

the eye was the worse eye.  

It is interesting that when the study eye is the better eye, BCVA does not 

differentiate between DM no DR and mild DR. When the study eye was the 
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worse eye BCVA was significantly different between all the groups. Similarly, 

LLA does not show any difference between DM no DR with mild DR in the 

better eye, but is significant when the eye is the worse eye. LLD distance did 

not show any difference when study eye was the better eye, but showed 

significant differences when the eye chosen was the worse eye. NVA 

showed significant differences between the groups irrespective of better or 

worse eyes. Significant differences in LLD near were seen in all the groups 

when the study eye was the worse eye. However, when the eye chosen was 

the better eye, differences were seen while comparing controls with DM no 

DR, and comparing DM no DR with mild DR but no difference seen when 

comparing DM no DR with moderate/severe DR. CS behaved similar to 

BCVA and does not show significant differences when comparing DM no DR 

with mild and moderate/severe DR when study eye is the better eye but 

when study eye is the worse eye significant differences were seen. 

On exploring further the relationships between controls and participants with 

DM no DR, the final regression model showed that NVA, LLD near and CS 

featured in the model for worse eyes.  

These results suggest key cut off functional points that separate normal 

controls from DM but no DR. The analysis that were run on the better eye 

showed that control eyes had on average better NVA by 0.1 log units, less 

LLD near by 2.4 letters and an increase in CS by 0.1 log units when 

compared to DM no DR.  

When the model was run on the worse eye, control participants had on 

average improved BCVA by 7.3 letters and CS by 0.1 log units compared to 

participants with DM and no DR.  
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 NVA and LLD near showed significant differences comparing DM no DR 

with mild DR. Similar to BCVA, CS did not show any significant difference in 

better eyes when comparing DM no DR with mild DR, however was 

significant in worse eyes. 

Psychophysical visual function testing may reflect the neural activity of the 

whole visual pathway, but it is known that psychophysical tests are valuable 

clinical indicators of retinal function derangements induced by the metabolic 

changes secondary to DM. Functional vision describes the impact of sight on 

the quality of life that represents the patient’s point of view(Sharma, Oliver-

Fernandez et al. 2005). This approach is better quantified using all available 

psychophysical tests as we have attempted in this study.  

NVA and LLD near represent more global assessment of macular function 

and significant differences were seen in DM no DR compared to controls as 

well as mild DR compared to participants with DM no DR. The SKILL test is a 

measure of spatial vision under conditions of reduced contrast and 

luminance (Haegerstrom-Portnoy, Brabyn et al. 1997). Dhamdere et al in a 

recent study concluded that the SKILL Card demonstrated vision function 

changes in DM even in the absence of clinically evident DR and that DR led 

to a further increase in the SKILL score/LLD near, while high-contrast VA 

remained unchanged (Dhamdhere, Schneck et al. 2014). The authors 

postulated that decline in SKILL Card performance and reduced distance 

LLA in DM and DR may be due pathologic changes in macular function, 

lenticular yellowing, and pupillary miosis, which can affect retinal illumination, 

as well as post retinal neural changes(Dhamdhere, Schneck et al. 2014). 
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There is very limited literature on the effect of low luminance in DR and this 

study warrants further research to establish this.  

Reduced CS was also seen in participants with mild DR compared to DM in 

worse eyes. The findings from our study align with previous demonstrations 

of impaired CS in diabetics with mild or no retinopathy, with greater 

impairment seen with increasing severity of DR (Lovestam-Adrian, 

Svendenius et al. 2000, Verrotti, Lobefalo et al. 1998, Comyn, Sivaprasad et 

al. 2014, Jackson, Scott et al. 2012).   

The results from the study support the view that measures of visual function 

are able to identify changes prior to the development of clinically visible DR 

and are likely to be of value in disease prognosis. 

In the presence of DMO, visual function was significantly worse compared to 

those without. Reading ability is a critical parameter for assessing the quality 

of life and the influence on the ability to perform everyday tasks. Authors of a 

study concluded that CS was probably the most important factor affecting 

reading speed in patients with DMO(Pearce, Sivaprasad et al. 2014). RI was 

significantly reduced in our study participants with DMO and highlights the 

importance of including reading speed in the clinical assessment. 
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Function Control  
 v/s  
DM no DR 
 

DM no DR 
v/s 
Mild DR 

DM no DR 
v/s 
Mod/severe DR 

MS 
 

Sig* Sig Sig 

CMS 
 

Sig Sig Sig 

FDT-MD 
 

Sig Not sig Not sig** 

Table 5.37- Summary and comparison of retinal sensitivity and FDT-MD 

between controls and DR severity *Sig-significant ** Not significant 

The summary of results comparing MS, CMS and FDT-MD between controls 

and DR severity is shown in table 5.37.  

Microperimetry allows for the exact topographic correlation between fundus 

abnormalities and corresponding functional alterations by integration, with 

different methods, of differential light threshold and fundus imaging. In our 

study, MS and CMS  (average of the central 5 points of the microperimerty 

grid) were reduced in all levels of DR/DMO compared to controls. Significant 

impairment in retinal sensitivity was also seen when comparing the mild and 

severe forms of DR and DMO compared to DM but no DR /DMO. The 

measures of visual function BCVA, LLA, NVA, RI, LLD near and CS 

significantly decreased with impairment in retinal sensitivity. Pearce et al in a 

recent study concluded that reduced retinal sensitivity after laser treatment is 

associated with reduced reading speed in patients with DMO(Pearce, 

Sivaprasad et al. 2014). Similar to our results, studies have reported 

significantly reduced mean retinal sensitivity and retinal thickness in subjects 

with DM without DR and related it to neuronal damage(Verma, Raman et al. 

2012, Verma, Rani et al. 2009). Mean retinal sensitivity reduced with 
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increase in the severity of DR and it also detected the early loss of retinal 

sensitivity in subjects with DM but no DR(Nittala, Gella et al. 2012).  

Psychophysical tests done in patients with DM and NPDR have reported 

selective loss of short wavelength cone photoreceptor cells(Greenstein, 

Hood et al. 1989). The FDT perimetry response is thought to originate from 

ganglion cells of the magnocellular pathway(Jackson, Scott et al. 2012). The 

results from our study found the average MD from FDT perimetry to be 

depressed in participants with DM and no DR and mild DR when compared 

to controls. The results are similar previous studies, which concluded that 

FDT could detect retinal dysfunctions in DM prior to the onset of significant 

vascular complications(Pinilla, Ferreras et al. 2013, Parravano, Oddone et al. 

2013). Boynton et al commented that patients with untreated proliferative DR 

exhibited inner retinal dysfunction, as evidenced by reduced FDT 

performance(Boynton, Stem et al. 2015). However, our study did not find any 

association of mean deviation in FDT with severe DR. 

To date relatively little attention has been paid to the impact of DM on the 

neural retina. Instead, most research has focussed primarily on retinal 

vascular changes, with the assumption that they cause altered neuronal 

function and consequently vision loss. However an increasing body of 

evidence is mounting and suggests that alterations in neuronal function and 

viability may also contribute to the pathogenic mechanisms of DR and these 

occur shortly after the onset of DM(Lieth, Gardner et al. 2000). In addition 

altered glial cell reactivity, microglial activation, and disturbed glutamate 

metabolism have been reported in early DM(Barber 2003). Thus, measuring 

visual function beyond visual acuity and in combination with advanced 
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imaging may be useful to elucidate the mechanisms underlying visual 

function loss caused by DM.  

 

Until recently, stereoscopic fundus photography and slit-lamp biomicroscopy 

were the main tools used to diagnose macular oedema(Rand, Prud'homme 

et al. 1985). With recent improvements in OCT technology, imaging outputs 

are of such high quality that it is increasingly used in the management of 

patients with DMO. It is now recognized as an objective and reliable tool to 

assess retinal thickness with higher sensitivity and specificity than 

stereoscopic photography or clinical examination(P F Sharp , J Olson, F 

Strachan, J Hipwell,A LudBrook, M O'Donell, S Wallace, K Goatman, A 

Grant,N Waugh, K McHardy, JV Forrester 2003, Diabetic Retinopathy 

Clinical Research Network, Krzystolik et al. 2007). OCT is increasingly 

available and its precision and ability to inform on retinal layer structure, it is 

widely recognised as new reference standard for diagnosing DMO(Virgili, 

Menchini et al. 2015). In our study, increase in CST was found to be 

significantly associated with DR and DMO severity stage and a decrease in 

visual function and CMS was noted with increase in CST. Similar to our 

results, studies observed correlation of the microperimeter determined retinal 

sensitivity to VA and foveal thickness on OCT and concluded that the retinal 

sensitivities obtained by fundus-related microperimetry may be another 

measure that can be used to assess the effects of DMO(Okada, Yamamoto 

et al. 2006, Vujosevic, Midena et al. 2006). 

The present study found that the presence of intraretinal cysts was 

significantly associated with decrease in all the visual functions and retinal 
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sensitivity except LLD at distance and near. Cross-sectional analyses of 

patients with DMO based on microperimetric and OCT findings suggest that 

large outer nuclear layer (ONL) cysts having a negative impact on macular 

function and seem to benefit less from anti-VEGF therapy than patients with 

DMO due to diffuse retinal thickening(Deak, Bolz et al. 2010). Large ONL 

cysts appear relatively late during the course of DMO where protein and lipid 

rich extracellular fluid accumulates and creates a major disorganization of the 

affected retinal structure(Deak, Bolz et al. 2010). The authors postulated that 

the correlation between larger ONL cysts with decreased retinal sensitivity 

was probably due to the fact that protein rich fluid has an effect on both 

oxygenation and elimination of metabolites from the photoreceptor layer, thus 

decreasing retinal sensitivity. Future research is required to determine 

whether resolution of cysts with different treatment modalities is 

accompanied by a significant change in retinal function so that these specific 

biomarkers could be used to quantify therapeutic effects.  

SD-OCT and EDI-OCT software in particular provide a better view of the 

choroidal cross-sectional structure, thickness and choroidal–scleral interface. 

However evidence is conflicting in some reporting choroid is thinner in PDR 

and DMO (Querques, Lattanzio et al. 2012, Adhi, Brewer et al. 2013), while 

others have found the subfoveal choroid to be thicker in eyes with DMO 

(Kim, Lee et al. 2013). A recent review on the role of choroid in DM 

postulated that differences in methods of choroidal evaluation might account 

for these conflicting results, as vascular abnormalities are most commonly 

found in media-peripheral regions, and OCT exams tend to focus on the 

central macular/foveal region (Melancia, Vicente et al. 2016). Apart from 
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studies involving choroidal thickness, recently the application of image 

binarization of choroid structures to study the structures within the choroid 

and their changes has generated interest in assessing the choroid in patients 

with DM (Tan, Laude et al. 2016). CVI is a measure of the choroidal 

vasculature is gaining popularity as a novel tool to assess the vascular status 

of the choroid in DR (Tan, Laude et al. 2016, Agrawal, Wei et al. 2017). The 

results from our study show that the healthy controls had lesser CVI 

compared to DR severity stage and a steady increase in CVI was seen with 

increasing severity of DR and DMO. Our results are conflicting to the 

observations from a recent pilot study who concluded that eyes with DR 

showed an increase in subfoveal thickness and was found to have lesser CVI 

as compared to those without DR (Tan, Laude et al. 2016). This study had a 

very small sample and they looked at only the foveal scan, which could be 

the reason for the conflicting result. In our study, image binarization of the 

EDI images was applied for the entire volume scan, increasing the possibility 

of capturing more information. We also found that increase in CVI correlated 

with decrease in the visual functions and retinal sensitivity. This study is 

novel and reports the role of CVI in DR and DMO and its relationship with 

visual function and retinal sensitivity and the results from our study prompts 

future research and investigation in large multicenter trials.  

In our study, glycemic control showed significant relationships with DMO 

severity. Poor metabolic control leads to high levels of glucose in the blood 

stream a condition called hyperglycaemia, which is relevant to the 

development and progression of DR. United Kingdom prospective diabetes 

study came to a conclusion that intensive blood glucose control decreased 
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the risk of microvascular complications in patients with Type 2 DM. (UK 

Prospective Diabetes Study (UKPDS) Group 1998) . Our study found that 

duration of DM showed significant relationship in participants with DR no 

DMO compared to those without. The Wisconsin Epidemiological Study of 

DR II (Klein, Klein et al. 1984) has reported important epidemiological 

findings and found that the duration of DM was directly associated with an 

increased prevalence of DR in both type 1 and type 2 DM and that after 20 

years of DM nearly 99% of patients with Type 1 and 60% of patients with 

Type 2 have some form degree of DR (Klein, Klein et al. 1984). 

 

Intravitreally injected anti-VEGF agents have been shown to decrease the 

permeability of the inner blood retina barrier by interacting with junctional 

proteins in the vascular endothelium  (Wolfensberger, Gregor 2010). 

Intravitreal treatment for DMO with either Ranibizumab or Afiblipercept has 

been approved for center-involving DMO and a number of randomized 

multicenter studies demonstrated that repeated intravitreal injections have a 

superior effect on BCVA as well as reduction in central retinal thickness in 

patients with DMO (Nguyen, Brown et al. 2012, Mitchell, Bandello et al. 2011, 

Wykoff, Hariprasad 2015). Previous works identified certain morphological 

alterations, such as subretinal fluid and large ONL cysts, to have a negative 

impact on functional outcome in patients with DMO before treatment  (Deak, 

Bolz et al. 2010). Santos et al concluded that the degree of central retinal 

thickness decrease obtained by SD-OCT identified well with the optimal 

responders to intravitreal ranibizumab and predicted BCVA improvement 

after treatment (Santos, Gomes et al. 2014). In our study there was an 
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improvement in the BCVA and MS and decrease in the CST after treatment. 

However, a significant decrease in CMS was seen after treatment. Gonzalez 

et al found that intravitreal aflibercept injection improved BCVA and retinal 

sensitivity, however they found the retinal sensitivity to be depressed in eyes 

treated with laser (Gonzalez, Boyer et al. 2015). Conventional BCVA testing 

may underestimate both initial macular impairment and subsequent macular 

response to a treatment, because it predominantly reflects foveal function 

and BCVA may also fail to detect small scotomas  (Vujosevic, Midena et al. 

2006, Rohrschneider, Bultmann et al. 2008). Microperimetric measurement 

of retinal sensitivity assesses a larger macular area than conventional BCVA 

testing, and therefore may be a better indicator of changes in macular 

function. Reznicek et al found that ONL cysts and their size correlated with 

retinal function measured with BCVA and microperimetry before and over the 

course of anti- VEGF therapy with Ranibizumab in patients with DMO. The 

results from our longitudinal study confirm to previous studies despite the 

small sample size and future multicentric trials are required to identify the 

mechanisms and role of microperimetry in assessment of treatment 

response.  

A major limitation is the small number of participants with DMO thus we had 

insufficient power to subcategorise our groups by specific OCT criteria. We 

also encountered difficulties in recruitment of the more severe stages of DR 

and DMO as those people had additional co morbidities and were not keen to 

take part in a research study.  

In conclusion, the strengths of the prospective study was to identify key 

measures of visual function and documents the importance of detailed visual 
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function testing in DR that can identify changes even before the development 

of clinical DR which can be of prognostic value. 

Detailed psychophysical mapped retinal function will improve our 

understanding of the pathogenesis of DR and DMO, elucidate the 

relationships between function and morphology and suggest markers for 

noninvasive monitoring that could predict development of disease modalities, 

and improve patient counselling and case selection when considering 

treatment. 
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 Chapter 6 
 

  Peripapillary retinal nerve 
fibre changes in diabetes 
mellitus 
 

6.1. Introduction 

 
Diabetic retinopathy (DR) is a retinal vascular lesion in patients with Diabetes 

mellitus (DM) and the initial pathological changes are presumed to occur in 

small vessels and involve endothelial cell and pericyte loss (KUWABARA, 

COGAN 1963, Mizutani, Kern et al. 1996). There is increasing evidence that 

functional impairment precedes the earliest clinical manifestations of diabetic 

retinal vasculopathy and the pathophysiological model, somewhat less 

investigated, is the neurodegenerative theory(Barber 2003, Lieth, Gardner et 

al. 2000). Some of the pathological changes that have been observed are 

apoptosis of the different types of cells within the retina such as ganglion, 

amacrine, horizontal, Muller and photoreceptor cells. In addition altered glial 

cell reactivity, microglial activation, and disturbed glutamate metabolism have 

been reported in early DM (Barber 2003). When occurring together, these 

changes may be considered as constituting a process of neurodegeneration 

and could explain some of the functional deficits in vision that begin soon 

after the onset of DM (Barber 2003). Previous studies have found that 

patients with early DR have impaired visual functions, such as contrast 

sensitivity, colour vision and electrophysiological changes(Sokol, Moskowitz 
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et al. 1985, Bresnick, Condit et al. 1985, Caputo, Di Leo et al. 1990). Defects 

in Humphrey matrix testing and multifocal electroretinograms have been 

described in patients with diabetes without any changes of 

retinopathy(Jackson, Scott et al. 2012, Parravano, Oddone et al. 2013, 

Harrison, Bearse et al. 2011). 

Retinal nerve fiber layer (RNFL) in the retina forms the axons of the retinal 

ganglion cells which then from the optic nerve connecting eyeball and brain. 

Peripapillary RNFL thinning in the retina of diabetic patients without 

detectable DR was noted in some studies(Oshitari, Hanawa et al. 2009, 

Park, Kim et al. 2011). A recent meta- analysis concluded that peripapillary 

RNFL was significantly decreased in preclinical DR patients compared to 

healthy controls(Chen, Nie et al. 2015). These data emphasize the need to 

pay more attention to the neurodegenerative changes of retina in patients 

with DM. 

Recently, the spectral-domain optical coherence tomography (SD -OCT) has 

allowed clinicians to obtain unprecedented high-resolution images of the 

optic nerve head and RNFL(Leung, Cheung et al. 2009, Leung, Ye et al. 

2010). SD- OCT instruments often use proprietary reference databases 

comprising measurements of healthy eyes to set limits of normality for optic 

disc, RNFL, and ganglion cell measurements. Classification as within normal 

limits, borderline, and outside normal limits provides clinicians with a 

reference for making clinical decisions (Bendschneider, Tornow et al. 2010). 
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6.2. Research hypothesis 

 
1. Peripapillary RNFL thickness is decreased in patients with DM  

 

6.3. Aims 

 
To detect RNFL changes around the optic disc in diabetic patients using 

Heidelberg Spectralis SD OCT. 

 

6.4. Methods 

 
The study recruited participants with DM with various stages of severity of 

DR.  A detailed explanation of the methodology including the recruitment of 

participants, inclusion exclusion criteria and the various functional and 

morphological tests is given in chapter 2( reference 2.4.1 to 2.4.2). For the 

purposes of analysis we chose to include only one eye of participants with 

worse severity of DR. Participants with DMO were excluded from this study. 

Age matched controls were chosen from the NISA study (Northern Ireland 

study of ageing) that is a population-based, cross-sectional study designed to 

investigate and explore the changes in visual function with normal aging in a 

healthy population. Images from colour fundus photographs were graded as 

per the early treatment diabetic retinopathy study (ETDRS report number 10. 

1991). SD- OCT images were captured that included both the macular scans 

and optic nerve head. 
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6.4.1. SD-OCT RNFL analysis protocol 

 
The 30° ART Scans images of the optic nerve head were used to grade the 

RNFL.OCT images were captured using the Heidelberg Spectralis SD-OCT 

system.  

Quality assessment 

For the purposes of RNFL analysis data was acquired from the scan with the 

highest ART score and Q score and those with a centred optic disc. The 

highest ART score takes precedence over Q score but a Q score < 15 was 

not accepted (figure 6.1).  

 

Figure 6.1- RNFL display 

 

It was also ensured that all layers of the retina were visible within the screen 

and that there is no clipping of the layers of the retina at the top of the scan 

(figure 6.2). 
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Figure 6.2- Clipping of RNFL 

 

 If there was clipping of the scan it was considered unreliable measurement 

of the RNFL thickness and therefore the scan was disregarded and further 

analysis was discontinued. If the scan had passed the above measures of 

quality control, the ‘Thickness Profile’ tab (top left) was clicked to gain access 

to the following screen (figure 6.3). 

 

Figure 6.3- Thickness profile with a centred optic disc 
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It was ensured that the circumferential peripapillary measurement was 

centred on the optic disc (Figure 6.3 - top left picture) and that the blue line 

extends from the centre of the optic disc to the fovea. If there were 

segmentation errors, it was manually addressed. The segmentation error was 

corrected by selecting RNFL at the left side of the screen, then selecting the 

red circle at the bottom of the screen. Adjustments were made by guiding the 

red circle buffer over the error as shown below (Figure 6.4). 

 

Figure 6.4- Manual segmentation 
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6.4.2. Data Acquisition 

 
Data is collected on the following parameters found at the bottom left of 

screen and input into the corresponding columns. For this study we looked at 

the thickness of these locations as below. Results from a recent review 

suggested that average RNFL thickness and inferior-sector RNFL thickness 

on SD-OCT was more sensitive and accurate compared to other 

quadrants(Oddone, Lucenteforte et al. 2016). 

1. Peripapillary RNFLT classification (within normal limits, borderline, 

outside normal limits) 

2. Global average thickness 

3. TI – inferotemporal average thickness 

4. TS – superotemporal average thickness 

For global average, TI and TS average thicknesses were recorded whether 

these parameters lie within normal limits, borderline or outside normal limits. 

6.4.3. Statistical analysis 

 
A descriptive analysis of the participants in cases and controls was done and 

summary statistics were recorded. General linear model adjusted for age and 

gender was used to analyse the RNFL global thickness, inferotemporal and 

superotemporal quadrants in various stages of DR and compared to healthy 

controls. In the analysis, p<0.05 was considered significant.  
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6.5. Results 

 
A total of 391 patient including 123 participants with diabetes and 268 

controls without any disease were included in the analysis. 

Table 6.1 describes the characteristics of the study population.  

 

 

 CASES 

(with DM) 

n- 123 

CONTROLS 

(no DM) 

n-268 

Females n (%) 38(30.9) 143(53.4) 

Age Mean (SD) 61.07 (14.2) 58.68(13.02) 

Type of DM n(%) 

               Type 1 

               Type 2 

 

39(31.7) 

84(88.3) 

 

DR severity stage 

n(%) DM no DR 

Mild DR 

Moderate to severe DR 

 

55(44.7) 

42(34.1) 

26(21.1) 

 

Table 6.1- Study characteristics of the population. 

 

Majority of the sample in both cases and controls were males and their mean 

age was matched. Two thirds of the population was type 2 DM and the 

grading of DR with subsequent homogenous subsets are explained in 

chapter 5(reference 5.2) 
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6.5.1. Relationship of the global peripapillary RNFL thickness in DR 
and controls 

 
 
Table 6.2 shows the results of the association between the global 

peripapillary RNFL thickness among the various stages of DR and compared 

it with controls. 

 

Groups n Mean +/-SD μm MD C.I  p-value  

Controls 268 96.14 +/-11.68 reference   

DM no DR 55 90.83 +/-11.18 3.83 0.4 to 7.2 0.02 

Mild DR 42 91.26 +/-12.68 3.9 0.1 to 7.6 0.04 

Moderate-

severe DR 

26 94.69 +/-12.5 0.47 -4.1 to 5.1 0.8 

Table 6.2- Association of the global peripapillary RNFL thickness in cases 

and controls  General linear model adjusted for age and gender 

 p<0.05 

 

Mean values of global peripapillary RNFL thickness was significantly reduced 

in diabetics with no DR and mild DR compared to healthy controls as shown 

in table 6.2. The global peripapillary RNFL thickness in the controls were 

thicker by a mean difference of 3.8 and 3.9 μm when compared to diabetics 

with no DR and mild DR respectively (table 6.2). There was no significant 

difference in the RNFL thickness noted between the severity stages of DR. 
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6.5.2. Relationship of the TI RNFL thickness in DR and controls 

 
Groups n Mean +/-SD 

μm 

MD C.I  p-value  

Controls 268 137.6 +/- 21.7 reference   

DM no DR 55 130.6 +/-21.7 4.1 -2.4 to 10.8 0.2 

Mild DR 42 129.7 +/-31.6 5.8 -1.4 to 13.1 0.1 

Moderate-

severe DR 

26 133.1+/-25.8 2.9 -6.1 to 11.9 0.5 

Table 6.3- Association of the inferotemporal peripapillary RNFL thickness in 

cases and controls General linear model adjusted for age and gender 

bp<0.05 

 

Table 6.3 shows that there is a gradual decrease in the mean inferotemporal 

RNFL thickness in diabetics with no DR and mild DR compared to controls, 

however this was not statistically significant.  
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6.5.3. Association of the TS peripapillary RNFL thickness in cases 
compared to controls 

 
Groups n Mean +/-SD 

μm 

MD C.I  p-value  

Controls 268 131.7+/-20.8 reference   

DM no DR 55 124.3 +/-18.4 5.4 -0.4 to 11.5 0.06 

Mild DR 42 127.3+/- 21.1 3 -3.5 to 9.6 0.3 

Moderate-

severe DR 

26 127.1+/-20.9 3.4 -4.7 to 11.5 0.4 

Table 6.4- Association of the TS RNFL thickness in cases and controls 

General linear model adjusted for age and gender  p<0.05 

 

Table 6.4 shows that there is a gradual decrease in the mean 

superotemporal RNFL thickness in diabetics with no DR and mild DR 

compared to controls, however this was not statistically significant.  
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6.6. Discussion 

 
The results from this study show that the average peripapillary RNFL 

thickness is significantly reduced in diabetic participants without clinical 

retinopathy and diabetics with mild retinopathy compared to controls. The 

RNFL thinning may precede the detection of vascular lesions that are 

clinically detectable. The clinical features DR is manifested as vascular 

lesions as a result of capillary degeneration, altered blood flow, retinal 

ischemia, hypoxia and subsequent capillary leakage and retinal oedema 

(Ockrim, Yorston 2010). DM has been proposed to be not only a vascular 

disease but a multifactorial condition that involves neuronal degeneration. 

these neuronal and glial changes may be an early manifestation of disease 

processes that ultimately lead to vascular abnormality (Fletcher, Phipps et al. 

2005, Barber 2003). There is clear evidence of structural alteration of Müller 

cells in diabetes that results in functional losses and death of neurons. 

(Fletcher, Phipps et al. 2005). Because of their link with the vasculature, 

changes in Müller cell function could be a key event in the development of 

DR. This explains the early neuronal death and late development of vascular 

changes (Barber 2003). Previous data showed impaired multifocal ERG, 

colour vision, dark adaptation and humphrey matrix in diabetics without DR 

or early DR that can explain the extensive damage in the retinal neurons 

(Parravano, Oddone et al. 2013, Oddone, Lucenteforte et al. 2016, Harrison, 

Bearse et al. 2011).  

A recent meta analysis concluded that peripapillary RNFL thickness in 

diabetic patients with preclinical DR compared to controls  (Chen, Nie et al. 

2015) was decreased and this was similar to the findings from our study. 
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Although the authors from another study reported similar findings, they found 

the difference with regard to control subjects was of small magnitude (Lopes 

de Faria, Russ et al. 2002).  

The results from our study did not show any differences in the peripapillary 

RNFL thickness between the participants without DR and participants with 

early DR. Similarly, Takis et al demonstrated a  (Takis, Alonistiotis et al. 

2014) significant reduction of RNFL in both diabetics without DR and early 

DR, however did not find any significant difference between population with 

no DR and early DR. We did not find any significant associations in the RNFL 

thickness with the increasing severity of DR. This finding contradicts the 

results of other authors who demonstrated that RNFL defects were related to 

severity of DR (Oshitari, Hanawa et al. 2009). This could be the result of 

pericyte deprivation, which leads to microaneurysm, and haemorrhages 

should not result in further ischemic damage and RNFL loss (Takis, 

Alonistiotis et al. 2014). Further research is there warranted to address this 

issue. 

 

Studies have found thinning of the RNFL in the superior retina (Lopes de 

Faria, Russ et al. 2002, Ozdek, Lonneville et al. 2002) whereas authors of 

another study found the RNFL thinning more pronounced in the inferior retina 

(Takis, Alonistiotis et al. 2014). The results from our study did not show any 

significant difference in the RNFL thickness in either the superior or the 

inferior quadrant. Takis et al proposed that as the blood flow to the nerve 

fibre layer in the inferior retina is reduced, it might be more susceptible to 
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metabolic stress of diabetes (Takis, Alonistiotis et al. 2014). As the results 

are contradictory, further research is required to look into this aspect. 

RNFL thickness in diabetic patients may be a valuable tool in the 

assessment of DR even before the appearance of overt clinical retinopathy. 

SD-OCT may serve as useful instrument to closely monitor changes in RNFL 

thickness in early stage of diabetes. 

 

6.7. Conclusion 

 
 Early structural impairment can be seen in patients with no clinical 

retinopathy or early DR.  
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Chapter 7 

General Discussion 
 
7.1. Introduction 
 
Diabetes Mellitus (DM) is a metabolic disorder, which can result in a very 

specific and characteristic ocular clinical picture arising out of pathological 

changes that occur in the microvasculature of the eye and which has been 

termed Diabetic retinopathy (DR). The features of DR when present are 

identical in both type 1 and type 2 DM and include the development of 

microaneurysms (focal outpouchings of the retinal vessels), telangiectatic 

vessels, haemorrhages, exudates, capillary closure and neovascularization. 

This microangiopathy has been strongly linked to the biochemical 

perturbations that are present in DM and in particular to hyperglycemia (The 

Diabetes Control and Complications Trial Research Group 1993, UK 

Prospective Diabetes Study (UKPDS) Group 1998) . In the macula of the eye 

(which is the central region of the retina that is responsible for detailed 

vision), a very characteristic accumulation of fluid can occur which causes 

thickening of the macular retina and is known as diabetic macular oedema 

(DMO). It is a common feature of DR and is an important cause of vision loss 

in people with DM (Moss, Klein et al. 1998) . As such, patients with DR and 

DMO often display complex, highly comorbid profiles. The pathogenesis and 

development of DMO can be attributed to a multifactorial aetiology and   
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raised serum lipid levels have been reported as a risk factor for development 

of DMO (Benarous, Sasongko et al. 2011, Diep, Tsui 2013) . Clinically, the 

morphology of DMO can be assessed by newer noninvasive, readily 

performed imaging modality of spectral domain–optical coherence 

tomography (SD-OCT) that provides reliable, high-resolution imaging of 

retinal anatomy and quantification of central retinal thickness (Virgili, 

Menchini et al. 2015) . The main purpose of this study is to develop a 

standardized reproducible method for characterising the morphological 

features of DR specifically DMO observed on high resolution OCT a non 

invasive method of imaging the macula which is the central region of the 

retina of the eye and to relate these to measures of visual function. 

Secondary purposes are to characterise the ocular and systemic factors that 

are involved in the development and progression of DMO.  
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7.2. Main findings 
 
In Chapter 2, methodologies that underpin the key aims of this thesis are 

described. Subsequent chapter discusses a systematic review on the role of 

dyslipidaemia in the development of DMO. Meta-analysis of case-control 

studies revealed that mean levels of total serum cholesterol (TC), low-density 

lipoproteins (LDLs), and serum triglycerides (TGs) were significantly higher in 

patients with DMO compared with those without DMO (TC: 30.08; 95% 

confidence interval [CI], 21.14- 39.02; P < 0.001; LDL: 18.62; 95% CI, 5.80-

31.43; P < 0.05; TG: 24.82; 95% CI, 9.21-40.42; P < 0.05). Meta-analysis of 

Randomized Control Trials (RCT) did not show significant risk in worsening 

of hard exudates and severity of DMO in the lipid-lowering group compared 

with placebo (hard exudates: relative risk, 1.00; 95% CI, 0.47-2.11; P= 1.00; 

DMO: relative risk, 1.18; 95% CI, 0.75-1.86; P = 0.48). Despite evidence from 

the cohort studies and meta-analysis of the case-control studies suggesting a 

strong relationship between lipid levels and DMO, this was not confirmed by 

the meta-analysis that included only prospective RCTs. Therefore, given the 

significant public health relevance of the topic, the relationship between lipid 

levels and DMO deserves further investigation.  

 In the following chapter we reported the cross sectional analysis after 

assessment of morphology of DMO on high resolution SD OCT and sought 

relationships with VA and Early Treatment Diabetic Retinopathy Severity 

(ETDRS) grading. In this component of this thesis a structured grading form 

was developed and predictive markers with potential for use as functional 

and morphological outcomes in clinical trials and studies were identified. 

Results from this study showed that centrally located DRIL is correlated with 
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VA in eyes with center-involving DM. While this per se was not a novel 

finding  (Sun, Lin et al. 2014, Radwan, Soliman et al. 2015, Sun, Radwan et 

al. 2015)  our results showed that DRIL was strongly associated with the 

disruption of ELM and EZ layers and presence of ERM. We observed that 

these latter features were also significantly associated with poor VA and our 

findings are therefore also consistent with those from previous studies  

(Forooghian, Stetson et al. 2010, Maheshwary, Oster et al. 2010, Murakami, 

Nishijima et al. 2011, Shin, Lee et al. 2012) .   In the present analysis we also 

showed that worsening of VA was seen with increasing DR severity which 

was most likely related to the presence of DRIL as this feature was strongly 

associated with increasing severity of DR. The strengths of this study are the 

homogenous sample of patients with DMO naïve to treatment with anti 

VEGF. The limitations of the study are its retrospective nature, use of data 

that was obtained as part of routine clinical care. Nonetheless this analysis 

allowed us to develop and refine the methodologies for use in the 

prospective study. 

The key features of the prospective study was the identification of the 

functional cut points that separated normal age matched controls, from 

patients with DM but without DR or DMO and this latter group from patients 

with minimal DR or DMO. To date relatively little attention has been paid to 

the impact of DM on the neural retina. Instead, most research has focussed 

primarily on retinal vascular changes, with the assumption that they cause 

altered neuronal function and consequently vision loss. However an 

increasing body of evidence is mounting and suggests that alterations in 

neuronal function and viability may also contribute to the pathogenic 
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mechanisms of DR and these occur shortly after the onset of DM(Lieth, 

Gardner et al. 2000). In addition altered glial cell reactivity, microglial 

activation, and disturbed glutamate metabolism have been reported in early 

DM(Barber 2003). Thus, measuring visual function beyond visual acuity and 

in combination with advanced imaging may be useful to elucidate the 

mechanisms underlying visual function loss caused by DM.  

In the prospective study we had a total sample of 516 participants of whom 

172 had diabetes and 344 were age matched controls. We used using high 

resolution retinal imaging and a battery of functional tests to morphologically 

and functionally phenotype these participants.   

 

Function         Control 
          v/s   
         DM no DR 
 

     DM no DR 
         v/s  
      Mild DR 

   DM no DR  
       v/s  
Mod-severe DR 

 Better 
eye 
 

Worse 
eye 

Better 
eye 

Worse 
eye 

Better 
eye 

Worse 
eye 

BCVA 
 

Sig Sig Not sig Sig Not sig Sig 

LLA 
 

Sig Sig Not sig Sig Sig Sig 

LLD 
distance 
 

Not sig Sig Not sig Not sig Not sig sig 

NVA 
 

Sig Sig Sig Sig Sig Sig 

LLD near 
 

Sig Sig Sig Sig Not sig Sig 

CS 
 

Sig Sig Not sig Sig Not sig Sig 

Table 7.1- Summary and comparison of visual function results between 

controls and DR severity. BCVA- Best corrected visual acuity, LLA- Low 

luminance acuity, LLD- Low luminance deficit, NNVA- near visual acuity, CS- 

Contrast sensitivity.  
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All the functional measures described in table 7.1 were significantly better in 

the controls compared to participants with DM but no DR irrespective of the 

eye chosen for analysis except LLD distance, which was significant only 

when the eye was the worse eye. On exploring further the relationships 

between the controls and participants with DM no DR, the final regression 

model showed that NVA, LLD near and CS explained most of the variances 

in the better eye whereas BCVA and CS were found significant in the worse 

eyes. It is interesting that when the study eye is the better eye, BCVA does 

not differentiate between DM no DR and mild DR. When the study eye is the 

worse eye BCVA was significantly different between all groups. NVA and 

LLD near showed significant differences comparing DM no DR with mild DR. 

The SKILL test is a measure of spatial vision under conditions of reduced 

contrast and luminance (Haegerstrom-Portnoy, Brabyn et al. 1997). 

Dhamdere et al in a recent study concluded that the SKILL Card 

demonstrated vision function changes in DM even in the absence of clinically 

evident DR and that DR led to a further increase in the LLD near, while high-

contrast VA remained unchanged (Dhamdhere, Schneck et al. 2014). There 

is very limited literature on the effect of low luminance in DR and this study 

warrants further research to establish this.  

These results suggest key cut off functional points that separate normal 

controls from DM but no DR. While BCVA is routinely used in clinical 

practice, NVA and LLD near represent more global assessment of macular 

function and the results from the study support the view that measures of 

visual function are able to identify changes prior to the development of 

clinically visible DR and are likely to be of value in disease prognosis.  
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In our study, macular sensitivity (MS) and central macular sensitivity (CMS- 

average of the central 5 points of the microperimerty grid) were significantly 

better in controls compared to DR and DMO severity stages. Reduced MS 

and CMS were seen in the in mild and severe forms of DR and DMO 

compared to the participants with no DR or DMO. The results are similar to 

studies have reported significantly reduced mean retinal sensitivity and 

retinal thickness in subjects with DM without DR and related it to neuronal 

damage(Verma, Raman et al. 2012, Verma, Rani et al. 2009). Mean retinal 

sensitivity reduced with increase in the severity of DR and it also detected 

the early loss of retinal sensitivity in subjects with DM but no DR(Nittala, 

Gella et al. 2012). The average mean deviation from FDT perimetry was 

found to be depressed in participants with DM and no DR and mild DR when 

compared to controls. The results are similar previous studies, which 

concluded that FDT could detect retinal dysfunctions in diabetic patients prior 

to the onset of significant vascular complications(Pinilla, Ferreras et al. 2013, 

Parravano, Oddone et al. 2013).  

Our study showed that a reduced visual function and decreased central 

macular sensitivity was associated with increase in central subfield thickness 

on OCT. Similar to our results, studies observed correlation of the 

microperimeter determined retinal sensitivity to VA and foveal thickness on 

OCT and concluded that the retinal sensitivities obtained by fundus-related 

microperimetry may be another measure that can be used to assess the 

effects of DMO(Okada, Yamamoto et al. 2006, Vujosevic, Midena et al. 

2006). The presence of intraretinal cysts was significantly associated with 

decrease in all the visual functions and retinal sensitivity except LLD at 
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distance and near. Future research is required to determine whether 

resolution of cysts with different treatment modalities is accompanied by a 

significant change in retinal function so that these specific biomarkers could 

be used to quantify therapeutic effects. 

Apart from studies involving choroidal thickness, recently the application of 

image binarization of choroid structures to study the structures within the 

choroid and their changes has generated interest in assessing the choroid in 

patients with DM (Tan, Laude et al. 2016). Choroidal vascular index (CVI) is 

a measure of the choroidal vasculature and is gaining popularity as a novel 

tool to assess the vascular status of the choroid in DR (Tan, Laude et al. 

2016, Agrawal, Wei et al. 2017). The results from our study show that the 

healthy controls had lesser CVI compared to DR severity stage and a steady 

increase in CVI was seen with increasing severity of DR and DMO. Our 

results are conflicting to the observations from a recent pilot study who 

concluded that eyes with DR showed an increase in subfoveal thickness and 

was found to have lesser CVI as compared to those without DR (Tan, Laude 

et al. 2016) . Their study had a very small sample and they looked at only the 

foveal scan, which could be the reason for the conflicting result. In our study, 

image binarization of the OCT images was applied for the entire volume 

scan, increasing the possibility of capturing more information. We also found 

that increase in CVI correlated with decrease in the visual functions and 

retinal sensitivity. This study is novel and reports the role of CVI in DR and 

DMO and its relationship with visual function and retinal sensitivity and the 

results from our, prompts future research and investigation in large 

multicenter trials.  
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We found that higher HbA1c values and longer duration of DM correlated 

with reduced BCVA and were significantly associated with the presence of 

DR and DMO. 

In the longitudinal study, participants with DMO who received Anti-VEGF 

treatment showed improvement in the BCVA, retinal sensitivity and decrease 

in the CST. Though the sample size in longitudinal study was a small, our 

findings are similar to other studies. Larger studies comparing structure and 

function are therefore required to assess the response to treatment and 

improved understanding of the pathogenesis of visual dysfunction in 

individuals with DM could lead to the identification of therapeutic targets for 

these patients. 

In the subsequent chapter, we evaluated the retinal nerve fiber layer (RNFL) 

thickness around the optic disc in diabetic patients on SD OCT. A total of 391 

patient including 123 participants with DM no DMO and 268 controls without 

any disease were included in the analysis. The results from this study show 

that the average peripapillary RNFL thickness is significantly reduced in 

diabetic participants without clinical DR and DM with mild DR compared to 

controls. The RNFL thinning may precede the detection of vascular lesions 

that are clinically detectable. A recent meta- analysis concluded that 

peripapillary RNFL thickness in diabetic patients with preclinical DR 

compared to controls  (Chen, Nie et al. 2015)  was decreased and this was 

similar to the findings from our study. RNFL thickness in DM patients may be 

a valuable tool in the assessment of DR even before the appearance of overt 

clinical retinopathy and SD-OCT may serve as useful instrument to closely 

monitor changes in RNFL thickness in early stage of DM.  
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7.3. Strengths and limitations 
 
The key strengths of the study lie in establishing the relationship between 

lipid levels and DMO, identification of unique tomographic markers along with 

a detailed psychophysical mapping of the retina in both DR and DMO. The 

construction of a lexicon for grading of OCT in DMO and identification of 

unique tomographic biomarkers like DRIL, and its association with severity of 

DR could significantly change the approach to ophthalmic counseling and 

therapeutic management in patients with DM. An extensive detailed 

psychophysical mapping of retinal function and its correlation with 

morphology has improved our understanding their relationships in DR and 

DMO and suggests noninvasive monitoring that could identify changes early 

in the disease that could be useful in the prognosis of the disease.  

A major Limitation is the small number of participants with DMO thus we had 

insufficient power to subcategorise our groups by specific OCT criteria. We 

also encountered difficulties in the recruitment of the more severe stages of 

DR and DMO as those people had additional co morbidities and were not 

keen to take part in a research study.  

 

7.4. Conclusion 
 
To conclude, the results presented in this thesis   

1. Provides evidence form literature on the role of lipids in DMO and 

given the significant public health relevance of the topic, this 

relationship deserves further investigation.  

2. Developed a standardized reproducible method for characterizing the 

morphological features of DR specifically DMO observed on SD-OCT. 
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3. Identifies unique biomarkers on SD- OCT like the integrity of the outer 

retina and DRIL in patients with DMO that can be of impact when 

considering treatment and subsequent prognosis. 

4. Justifies the relationships and importance of detailed psychophysical 

mapping of retinal function and correlation with disease severity in DR 

and DMO and identified the importance of impaired functional even 

before the clinically detectable disease.  
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