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SUMMARY 

 

Diabetic Retinopathy (DR) is an eye disease in people with diabetes and the leading cause of 

vision loss in working-age adults. DR causes alterations in retinal anatomy, both in the neural 

retina and in the retinal vasculature, resulting in visual acuity (VA) loss. Regular assessment 

and monitoring disease progression along with timely therapeutic intervention are necessary 

to prevent vision loss due to DR. 

Distinct previous studies have reported changes in retinal layer thickness due to DR and their 

association with VA, as well as changes in retinal layer reflectance and organization. However, 

concurrent assessment of these metrics and their relationship with VA has not been reported. 

In the current study, our primary aim was to determine the associations of retinal layer 

thickness, retinal layer reflectance, and retinal layer disruption with VA. Secondly, to elucidate 

alterations in these metrics over time, in subjects stratified by treatment. 

Quantitative retinal metrics were obtained from optical coherence tomography (OCT) images 

in 149 diabetic patients, categorized into three groups: no DR (N=50) non-proliferative DR 

(NPDR; N=59) proliferative DR (PDR; N=40). In a follow-up study, 23 of these patients were 

imaged at a second visit, who were grouped based on treatment and changes in retinal layer 

metrics over time were evaluated. The OCT images were analyzed using a semi-automated  
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SUMMARY (Continued) 

image segmentation software to identify 7 different retinal layers and generate en face 

thickness maps and reflectance images. 

ANOVA identified significant differences in thickness of the central subfield (CST) among the 

three subgroups of patients (P=0.01). VA and thickness of three retinal structures: CST, INL 

and OPL were correlated significantly (ρ>0.24; P<0.001), such that increased thickness was 

associated with reduced acuity. VA and NFL reflectance were correlated significantly (ρ=-0.24; 

P=0.003), such that subjects with higher reflectance had better VA. Lower OSL reflectance was 

correlated with lower VA (ρ=-0.29; P<0.001). Subjects with disruptions in the INL and ONL 

had lower VA compared to subjects with no disruptions in these interfaces (P<0.001). In the 

follow-up study, RPE and OSL thickness were significantly different between two visits.  

These results indicate that assessment of specific retinal structures may be helpful for 

monitoring visual outcome due to DR. Similarly, reflectance alterations, which are not 

commonly evaluated, may provide additional important information. Finally, changes in 

retinal thickness of select retinal layers can be observed over a relatively short time in DR, 

with significant thickening observed in the RPE and OSL
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 MOTIVATION 

Diabetic Retinopathy (DR) is an eye disease in people with diabetes and the leading cause of 

vision loss in working-age adults. It is estimated that the global prevalence of diabetes is 

expected to be 4.4% by 2030 for all age groups across the world, resulting in an increase in 

the incidence of DR and the associated vision impairment (1; 2). This complication of diabetes 

affects the retina, the light-sensitive tissue in the back of the eye, and its vasculature, resulting 

in loss of visual acuity (VA) (3).  Early screening, regularly monitoring the progression of the 

disease and timely therapeutic intervention can prevent vision loss due to DR. Optical 

coherence tomography (OCT) is an imaging technique that enables visualization of retinal 

tissue with high resolution. Several studies have reported that OCT enables retinal thickness 

measurement with high accuracy (3; 4). In addition to retinal thickness measurements, a 

number of other structural metrics can be derived by OCT including retinal reflectance and 

retinal layer interface disruption/disorganizarion. Although retinal anatomical changes and 

associations with visual acuity (VA) have been reported in patients who have DR, the metrics 

were assessed independently in separate groups of patients (5; 6; 7). This thesis presents a 
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concurrent assessment of alterations in retinal layer metrics of thickness, reflectance, and 

interface disruption and their relationship with VA, which can provide a consolidated means 

for better assessment of DR.  

 

1.2  DIABETIC RETINOPATHY (DR) 

Diabetic Retinopathy is associated with damage to the blood vessels in the retina. It can cause 

blood vessels in the retina to leak fluid or hemorrhage, distorting vision. Accumulation of fluid 

in the retinal tissue results in retinal thickening and vision loss. In its most advanced stage, 

new abnormal blood vessels proliferate on the surface of the retina, this can lead to scarring 

and cell loss in the retina. DR is classified into non-proliferative diabetic retinopathy (NPDR) 

and proliferative diabetic retinopathy (PDR), which is marked by the growth of new blood 

vessels. NPDR is sub-divided into mild, moderate and severe based on presence of aneurysms, 

intra-retinal hemorrhages, and venous beading (8; 9).  A consequence of DR, diabetic macular 

edema (DME), is the build-up of fluid in the macular region of the retina. Although it is more 

likely to occur as DR worsens, DME can happen at any stage of the disease. As DR progresses, 

many changes occur in the retina without visual symptoms. Hence, early diagnosis and 

adequate treatment is necessary. 

Anti-vascular endothelial growth factor (anti-VEGF) treatment is one of the therapeutic 

methods to prevent vision loss due to DR. Anti-VEGF treatments are given by injections into 

the eye, which restrict the growth of new blood vessels and reduce edema. This reduces 
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scarring and damage to the retina, which in turn can help preventing further vision loss due 

to PDR or DME and may also improve vision in some people (10). 

 

1.3 BACKGROUND 

1.3.1 Retinal Structure: 

The retina is a highly organized structure that consists of three layers of nerve cell bodies 

(outer nuclear layer, inner nuclear layer, and ganglion cell layer) and two layers of synaptic 

connections (inner and outer plexiform layers). These layers can be visualized using 

histological sections as well as non-invasive OCT imaging. Several additional structures can be 

visualized using modern high-resolution OCT imaging. The inner-most structure of the retina 

visible by OCT is the inner limiting membrane, which is a basement membrane enriched with 

muller glia cells. Below that lies the nerve fiber layer (NFL), which includes ganglion cell axons 

and optic nerve rises from here. Next is the ganglion cell layer (GCL) that consists of ganglion 

nuclei and dislocated amacrine cells, followed by the inner plexiform layer (IPL), the synaptic 

site between axons of the bipolar cell and the dendrites of the amacrine and ganglion cells. 

The inner nuclear layer (INL), is composed of the cell bodies and nuclei of horizontal, bipolar, 

amacrine cells, and muller glia cells. The outer plexiform layer (OPL) is made of projections of 

cones and rods which have synaptic connections with horizontal and bipolar cell dendrites. 

The outer nuclear layer (ONL), contains cell bodies of cones and rods. The photoreceptor layer 
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(OSL) is composed of the inner and outer portions of the cones and rods. The outer layer 

visible by OCT is the retinal pigment epithelium (RPE). 

1.3.2 Role of OCT in measuring structural alterations of the retina: 

OCT is a standard clinical technique that plays a key role in the detection of anatomical 

abnormalities of the retina. It is based on the principle of low-coherence interferometry, 

where echo time delay and the magnitude of light reflected from the tissue is measured.  

Spectral domain OCT allows visualization of high resolution cross-sectional retinal images at 

different depths and disruptions across retinal layer interfaces (11).   

In the analysis and interpretation of OCT images, it is most common to look at total retinal 

thickness, but a study by the Diabetic Retinopathy Clinical Research Network has shown only 

a moderate relationship between central retinal thickness and visual acuity (VA) (12). The 

changes in VA may be due other factors such as selective retinal layer changes or disruptions 

between layers. 

OCT also allows quantitative measurement and mapping of the individual layers that comprise 

the retina. Previous OCT studies have shown that individual retinal layers are differentially 

affected by DR. Specifically, studies have reported thickening of the INL and OPL layers in 

subjects with diabetic macular edema (DME) and thinning of NFL and GCLIPL layers in 

subjects with minimal or no DR (6; 13; 14; 15; 16; 17) . Moreover, VA has been correlated with 
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thickness measures of the combined ganglion cell and inner plexiform layers (GCLIPL) and 

photoreceptor outer segment layer (OSL) (7; 18). 

In addition to retinal thickness measurements, retinal reflectance has also been evaluated 

using OCT. Reflectance is a measure of the amount of light reflected from a given retinal layer. 

Regions with high intensity may have weak reflectivity whereas regions with low intensity 

may have strong reflectivity. Further, based on the hyper-reflectivity (dark-to-bright or 

bright-to-dark transitions) of the layers in an OCT scan, alterations in the integrity of the inner 

segment ellipsoid layer, have been reported (19; 20). Alterations in reflectance with respect 

to the INL and OSL layers in DR subjects have also been reported (21; 22).  

A third measure that can be derived by OCT is interface disruption. This is a region where two 

layers cannot be visually distinguished or are disorganized. Studies have shown that 

disruptions of the photoreceptor layers and external limiting membrane are associated with 

reduced VA (23; 24; 25; 26). 

En face imaging has emerged as a technique that permits enhanced visualization of retinal 

structural anomalies in two dimensions. Methods for generating en face thickness maps and 

reflectance images have been reported previously and have shown alterations at different 

stages of DR (21; 27; 28). In DR subjects, en face reflectivity images have shown reduced 

intensity regions due to edema in the inner and outer segment layers, indicative of 

photoreceptor loss (22). In addition, a study has demonstrated that pathological changes, like 
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intra-retinal fluid and hard exudates are indicated through the alterations in the en face retinal 

layer reflectance (29). 

Although individual studies have greatly increased our understanding of the effects of DR on 

retinal thickness, reflectance, and disorganization, no study to date has derived these 

measures simultaneously from the same sample of diabetic patients. Consequently, it is not 

clear how these metrics relate to each other and their relationships to VA are also unclear. 

Moreover, the images used in some of the previous studies were obtained from low-density 

OCT B-scans. In the current research study, anatomical changes (thickness, reflectance, 

disorganization) in each retinal layer were assessed across different stages of DR, which 

permits examination of the multi-factorial changes responsible for reduced VA in DR.  

 

1.4 RESEARCH OBJECTIVES 

The current research study aims at accomplishing two main objectives, first to establish the 

correlation between VA and structural measures including retinal layer thickness, reflectance, 

and interface disruption. Second, examine alterations in retinal layer thickness and 

reflectance over time in subjects classified by treatment. Hence, the study may provide better 

insights about retinal layer alterations, which can be useful for monitoring the progression of 

DR, thereby contributing to the prevention of vision loss due to DR.
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CHAPTER 2 

 

METHODS 

 

2.1 SUBJECTS 

Approval for the research study was obtained from an Institutional Review Board at the 

University of Illinois at Chicago. The study was explained to all the subjects and informed 

assent was acquired, before enrollment, in adherence with the tenets of the Declaration of 

Helsinki. A total of 149 diabetic subjects participated in the study. Data regarding age, gender, 

race, duration of diabetes, HbA1c and number of anti-VEGF injections received were collected 

from the subjects. All the subjects underwent dilated fundus examination. In the cross-

sectional study, based on clinical diagnosis 149 diabetic subjects were categorized into no DR 

(NDR; N=50), non-proliferative DR (NPDR; N=59) and proliferative DR (PDR; N=40). In the 

longitudinal study, twenty-three subjects of the 149 diabetic subjects returned for follow-up. 

Mean duration between baseline and follow-up was 203 ± 142 days. The subjects in the 

longitudinal study were classified into three groups based on whether the subject received 

anti-VEGF treatment or not. Subjects who never received treatment were categorized into 
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never treated group (NT; N=6), subjects who received treatment prior to baseline, but not 

between visits, were grouped as untreated (UT; N=7) and subjects who received treatment 

between baseline and follow-up were designated as treated (T; N=10). Exclusion criteria were 

clinical diagnosis of glaucoma, age-related macular degeneration, refractive error greater than 

6 diopters of myopia, retinal vascular occlusions or any other conditions that could alter 

anatomic integrity of retina, history of intraocular surgery, cataract surgery performed less 

than 4 months prior to imaging, lens nuclear sclerosis score greater than 2+ or posterior sub-

capsular cataract concurrent with VA less than 20/20. One eye per subject was selected based 

on the criteria, if both the eyes qualified, the eye with better image quality was included.   

 

2.2 IMAGE ACQUISITION 

For the current study, Spectral domain OCT (SDOCT) retinal imaging was performed using a 

commercially available instrument (Spectralis; Heidelberg Engineering, Heidelberg, 

Germany), over a retinal area of 20o X 15o centered on the fovea. The high density SDOCT 

raster volume scan of the macula consisted of 73 horizontal B-scans, averaged from 9 frames, 

with vertical spacing of 62 μm spacing between scans. B-scans were composed of 1024 A-

scans and a depth resolution of 3.9 μm. 
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2.3 IMAGE ANALYSIS 

2.3.1 Identification of retinal cell layers: 

The acquired SDOCT images were processed and analyzed using our previously described 

semi-automated image segmentation software (21). The software identified eight interfaces 

between retinal cell layers in the SDOCT B-scans. It was developed in MATLAB (MathWorks, 

Inc., Natick, MA, USA) using graph theory and dynamic programming. As per the graph theory, 

a graph was created for each SDOCT scan, based on vertical gradients in the image, edge 

weights of the graph were assigned in a way so that the large gradients resulted in small 

weights. Using Dijkstra’s algorithm, a horizontal path through the graph minimizing the total 

sum of weights was found, which defined a line separating two retinal cell layers. Depending 

on the sign of the gradients (positive or negative), weights of the graph were assigned and 

retinal cell layers with bright to dark transition or dark to bright transition were identified.  

Figure 1 illustrates the segmented retinal layer interfaces. The following eight retinal cell 

interfaces were identified, the vitreous and nerve fiber layer (NFL), the NFL and combined 

ganglion/inner plexiform layers (GCLIPL), the GCLIPL and inner nuclear layer (INL), the INL 

and outer plexiform layer (OPL), the OPL and photoreceptor outer segment layer (OSL), the 

OSL and retinal pigment epithelium (RPE) and the RPE and choroid. The segmentation was 

carried out in eight consecutive steps, so that each retinal cell interface was given a unique 

path. The interface between vitreous and NFL had markedly largest dark to bright transition 
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(large positive vertical gradient) in the image and represented the lowest weighted path in 

the entire graph, hence, this interface was identified in the first step. In the next step, the 

search area in the graph was confined to include only image regions external to vitreous/NFL 

interface and then the OSL/ONL interface was identified. In the third step, to determine 

RPE/choroid interface the graph search area was restricted to include only regions external 

to ONL/OSL path and lower graph weights were assigned to larger negative gradients, thus 

marking a bright to dark transition. Fourth, by limiting the graph to encompass only image 

regions between the vitreous/NFL and ONL/OSL paths, the INL/OPL cell interface was 

detected. In fifth step, the OPL/ONL cell interface was traced, this was carried out by 

narrowing down the search area to include only the regions between the INL/OPL and 

ONL/OSL paths and allocating lower weights of the graph for higher negative gradients i.e., 

bright to dark transition. Sixth, the GCLIPL/INL cell interface was identified by restricting the 

graph search area to regions which are within 20-pixel proximity (internal) to the INL/OPL 

cell interface and hence seeking for a bright to dark transition. Seventh, to detect bright to 

dark transition the graph search area was limited to include only regions of the image between 

the vitreous/NFL and GCLIPL/INL cell interfaces and thus, the NFL/GCLIPL cell interface was 

recognized. In the final step, the OSL and RPE cell interface was detected by confining the 

graph search area to include only image regions between the previously identified ONL/OSL 

and RPE/choroid interfaces and recognizing a dark to bright transition. 
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Following the segmentation of the retinal cell interfaces, the software permitted an operator 

to review all the 73 segmented B-scans. In case of error in the segmentation, primarily due to 

pathological abnormalities, the operator could manually correct the errors in the detected 

surfaces. This was done by selecting the line to be corrected and drawing a revised line based 

on visual perception of the cell layer interface. The code then regenerated an automated line 

by limiting the graph search area to a small vertical region of the image surrounding the 

manually drawn line and revaluating the minimum graph cut solution. In addition, the 

program permitted identification of locations of disrupted regions, that is, the areas of cell 

interfaces between two retinal layers that are visually indiscernible. This was carried out 

manually by an operator. 

2.3.2 Generation of en face thickness maps and reflectance images: 

En face imaging is a technique which combines SDOCT scans and produces a frontal view of 

the retinal layers. It is a useful method to quantify the spatial extent of alterations due to DR 

progression and treatment. Previously, methods have been reported for the generation of en 

face thickness maps and reflectance images for individual retinal layers using SDOCT scans 

(22; 23).  After the retinal cell layers were segmented, en face thickness maps and reflectance 

images were generated for all seven retinal layers (NFL, GCLIPL, INL, OPL, ONL, OSL and RPE) 

based on the segmentation of the 8 retinal interfaces. The thickness of each retinal layer was 

calculated as the depth separation between the adjacent retinal cell interfaces. For example,  
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Figure 1: OCT B-scan of a mild NPDR subject with segmented retinal layers. 

 

 

NFL thickness was estimated based on the depth separation between vitreous/NFL and 

NFL/GCLIPL cell interfaces. En face reflectance images were generated for each of the seven 

layers, by averaging the pixel values vertically within the segmented layers of each SDOCT B-

scan. 
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Figure 2 displays an example of en face thickness maps and reflectance images of a mild NPDR 

subject (absence of disruption), corresponding to figure 1. Top (left to right): Central subfield 

thickness maps of NFL, GCLIPL, INL, OPL, ONL, OSL and RPE retinal layers. Bottom(left to 

right): Reflectance images of NFL, GCLIPL, INL, OPL, ONL, OSL and RPE retinal layers. The scale 

bars on the right side of each thickness map indicates the thickness measures of the layers in 

μm. The differences between reflectance images can be identified by comparing the brightness 

of each image. The gray scale ranges between 0 and 255. 

 

 

 

Figure 2: En face thickness maps and reflectance images in mild NPDR subject (without 
interface disruptions). 

 

 

 



14 
 

 
 

2.3.3 Quantification of retinal metrics: 

Mean thickness values were measured for each retinal layer (NFLT, GCLIPLT, INLT, OPLT, ONLT, 

OSLT and RPET) in the ETDRS central subfield (1mm diameter) (30). The analysis was 

performed only on the central subfield because it is this region of the retina that is critical for 

visual acuity. Reflectance ratio values were also calculated in the central subfield for each 

layer. These metrics (NFLR, GCLIPLR, INLR, OPLR, ONLR and OSLR) were normalized with 

respect to the RPE layer, that is, the mean intensity of each layer divided by the mean intensity 

of the RPE (LayerIntensity/RPEIntensity). 

Interface disruption areas (NFLd, INLd, ONLd and RPEd) were calculated relative to the total 

area in the ETDRS central subfield. NFLd included interface disruption areas of both 

vitreous/NFL and NFL/GCLIPL interfaces, relative to the total area. Similarly, INLd included 

interface disruption of both GCLIPL/INL and INL/OPL interfaces, ONLd included interface 

disruption areas of both OPL/ONL and ONL/OSL interfaces and RPEd included both 

disruptions of OSL/RPE and RPE/choroid interfaces. The regions with retinal layer interface 

disruption were not assigned any thickness or reflectance values. 

Figure 3 illustrates an example of en face thickness maps and reflectance images in an NPDR 

subject with retinal layer interface disruptions. Top (left to right): Central subfield thickness 

maps of NFL, GCLIPL, INL, OPL, ONL, OSL and RPE retinal layers. Black regions are the areas 

with disrupted interfaces in which thickness and reflectance values were not assigned. 
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Bottom(left to right): Reflectance images of NFL, GCLIPL, INL, OPL, ONL, OSL and RPE retinal 

layers with disrupted interface areas shown in yellow. Major disruptions are identified at INL 

and OPL layer interfaces. 

 

 

 

Figure 3: En face thickness maps and reflectance images in an NPDR subject, with interface 

disruptions 

 

 

 

2.3.4 Clinical Measures 

Visual acuity and retinal central sub-field thickness (CST) were recorded for all the subjects 

both at baseline and follow-up. Visual acuity was measured as the number of letters read at a 

4-meter distance from the retro-illuminated Early Treatment Diabetic Retinopathy Study 

(ETDRS) charts by trained ophthalmic technician. The number of letters read was converted 

to log MAR (minimum angle of resolution) for analysis. Log MAR was obtained by 
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multiplying number of letters read by 0.02 and subtracting the product value from 1.1 (log 

MAR VA=1.1-(0.02*number of letters)). Where, 0.02 log units is the score value for each 

letter on the ETDRS chart. Retinal central sub-field thickness (CST) was measured using the 

Heidelberg Spectralis OCT software (Heidelberg Engineering, Heidelberg, Germany). 

 

2.4 STATISTICAL ANALYSIS 

2.4.1 Cross-sectional study: 

One-way analysis of variance was used to compare age, diabetes duration, HbA1c levels 

among the three groups. A two-way repeated measures ANOVA with subject group (no DR, 

NPDR, PDR) and layer (NFLT, GCLIPLT, INLT, OPLT, ONLT, OSLT, RPET) as main effects was 

performed to compare retinal thickness values. Similarly, two-way repeated measures ANOVA 

with subject group and layer (NFLR, GCLIPLR, INLR, OPLR, ONLR, OSLR) as main effects were 

performed to compare retinal reflectance ratios. VA (log MAR) was compared among the three 

groups using a one-way ANOVA. To evaluate the relationship between VA and retinal 

thickness, as well as the relationship between VA and retinal reflectance, Spearman’s Rank 

order correlation was performed. Pearson’s correlation was not used for analysis, as the 

assumption of data being normally distributed was not satisfied. For the analysis of the areas 

of interface disruption, subjects were categorized into two groups based on the presence or 
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absence of interface disruptions and VA was compared between these groups using Mann-

Whitney U test. Significance level was accepted at P≤0.05. 

2.4.2 Longitudinal study: 

Age, diabetes duration, HbA1c levels and time interval between visits were compared among 

the NT, UT and T groups using one-way analysis of variance (ANOVA). Two-way repeated 

measures ANOVA with subject group (NT, UT, T) and visit (baseline and follow-up) as main 

effects were performed to compare retinal thickness values at the two visits. Similarly, a two-

way repeated measures ANOVA with subject group and visit as main effects was performed to 

compare retinal reflectance values at the two visits. To identify differences between groups at 

the two visits, Bonferroni-corrected post-hoc comparisons were performed
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CHAPTER 3 

 

RESULTS 

 

3.1 CROSS-SECTIONAL STUDY: CORRELATION OF RETINAL LAYER METRICS WITH VA 

3.1.1 Demographics of all DR subjects: 

The mean age of the DR subjects was 56 ± 12 years (N=149). A one-way ANOVA that assessed 

age differences within the DR subgroups indicated that the mean age of the subjects in the 

NPDR (59 ± 11 years) and PDR (53 ± 11 years) groups did not differ significantly from the no 

DR group (55 ± 13 years) (P=0.11 and P=0.35, respectively). However, the mean age of the 

subjects differed between NPDR and PDR groups (P<0.01). The mean duration of diabetes 

differed significantly among the no DR (15 ± 16 years), NPDR (23 ± 19 years), and PDR groups 

(26 ± 18 years) groups (P<0.01). Mean duration of diabetes was similar between NPDR and 

PDR groups (P=0.46), but was significantly different between the NPDR and PDR groups when 

compared to no DR group (P<0.05). Mean HbA1c was 7.67 ± 3.75%, 9.38 ± 3.24% and 8.76 ± 

2.69% in no DR, NPDR and PDR groups, respectively (P=0.03). The mean HbA1c level was 
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higher in NPDR compared to the no DR group (P=0.01), but was similar between NDR and PDR 

groups (P=0.11) and between NPDR and PDR groups (P=0.30). 

3.1.2 Variation of VA (log MAR) and CST among no DR, NPDR and PDR groups: 

The mean log MAR VA of the DR subjects was 0.08 ± 0.18 (N=149). A one-way ANOVA 

indicated significant log MAR differences among the three groups (F = 8.82. P < 0.001).  

Pairwise comparisons among the three groups indicated significant differences between the 

no DR (0.00 log MAR) and NPDR (0.12 log MAR) groups (t = 3.46, p = 0.002). As well as 

significant differences between the no DR and PDR (0.14 log MAR) groups (t = 3.77, P < 0.001). 

The NPDR and PDR groups did not differ significantly (t = 0.66, P = 1).  

Mean CST, which was obtained from the Heidelberg Spectralis OCT software, was 284 ± 56 μm 

for the complete sample of subjects (N=149). CST values for the individual groups are 

provided in Table 1. A one-way ANOVA was used to compare CST among the three groups. 

Mean CST was significantly different among no DR, NPDR and PDR groups (F=4.67; P=0.01). 

When compared to the NDR group, CST was significantly higher in the NPDR (t=1.99; P<0.01) 

and PDR groups (t=2.01; P=0.02), but not significantly different between NPDR and PDR 

groups (t=2.00; P=0.80). 

For all subjects, CST was correlated with VA (ρ=0.21; P=0.01), such that subjects with retinal 

thickening (increased CST) had reduced VA. However, CST was not significantly correlated 

with VA within any of the subgroups (all ρ≤0.26; P≥0.09). 
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3.1.3 Individual retinal layer thickness and association with VA: 

The mean retinal thickness measurements derived using the automated segmentation 

algorithm for each subject group are provided in Table 1. A two-way repeated measures 

ANOVA was performed with group and layer as main effects. The ANOVA indicated a 

significant effect of layer (F = 1.59, P < 0.001), but not group (F = 2.44, P = 0.09). The 

interaction between group and layer was significant (F = 4.06, P < 0.001). Bonferroni-

corrected pairwise comparisons were performed, which indicated that the groups did not 

differ significantly for any retinal layer.  

Spearman’s correlation coefficients (ρ) were calculated to evaluate the relationship between 

the individual retinal layer thickness and log MAR VA, as well as the relationship between CST 

and VA (Table 1). Increased INLT was associated with reduced VA, (ρ=0.47; P<0.01; N=149). 

Further, increased INLT was correlated with reduced VA in the NPDR and PDR groups (both 

ρ≥0.34; P<0.01), but not with the no DR group (ρ=0.25; P=0.08). OPLT was correlated with VA, 

such that subjects with reduced VA had increased OPLT (ρ=0.24; P=0.003; N=149).  However, 

OPLT was not significantly correlated with VA for any of the groups individually (all ρ≤0.21; 

P≥0.20).  Although RPET was not associated with VA for the complete sample of DR subjects, 

there was a significant correlation between VA and RPET in the PDR group, such that subjects 

with greater RPET had reduced VA (ρ=0.32; P=0.04).  

 



21 
 

 
 

Table 1: Mean thickness measures of individual retinal layer and Spearman's correlation 
coefficients with VA in all DR subjects (N=149) 

RETINAL LAYER GROUP THICKNESS (μm) (Mean ± SD) ρ 

NFL 

No DR 18 ± 3 0.08 

NPDR 19 ± 5 -0.05 

PDR 19 ± 4 0.22 

All subjects 19 ± 4 0.08 

GCLIPL 

No DR 31 ± 13 0.04 

NPDR 30 ± 15 0.07 

PDR 32 ± 23 0.02 

All subjects 31 ± 17 0.005 

INL 

No DR 18 ± 6 0.25 

NPDR 26 ± 18 0.34** 

PDR 41 ± 48 0.55** 

All subjects 28 ± 29 0.47** 

OPL 

No DR 17 ± 6 0.15 

NPDR 20 ± 11 0.16 

PDR 21 ± 7 0.21 

All subjects 19 ± 8 0.24** 

ONL 

No DR 113 ± 12 -0.06 

NPDR 132 ± 44 0.20 

PDR 118 ± 34 -0.02 

All subjects 122 ± 34 0.12 

OSL 

No DR 45 ± 7 0.05 

NPDR 43 ± 7 -0.17 

PDR 43 ± 9 -0.17 

All subjects 41 ± 8 -0.14 

RPE 

No DR 28 ± 6 -0.13 

NPDR 27 ± 5 -0.16 

PDR 25 ± 4 0.32* 

All subjects 27 ± 5 -0.12 

CST 
No DR 264 ± 24 0.05 

NPDR 292 ± 55 0.22 
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PDR 296 ± 78 0.26 

All subjects 284 ± 56 0.21** 
 * indicates P≤0.05; ** indicates P ≤ 0.01 

 

 

3.1.4 Individual retinal layer reflectance and association with VA:  

Table 2 provides the mean reflectance values for the individual retinal layers (NFLR, GCLIPLR, 

INLR, OPLR, ONLR, OSLR) for the various subject groups. A two-way repeated measures ANOVA 

was performed with group and layer as main effects. The ANOVA indicated a significant effect 

of layer (F = 1959.76, p < 0.001), but not group (F = 2.02, p = 0.13). The interaction between 

group and layer was significant (F = 3.01, p < 0.001). Bonferroni-corrected pairwise 

comparisons were performed, which indicated that the groups did not differ significantly for 

any retinal layer. 

Spearman’s correlation coefficients were calculated to evaluate the relationship between the 

individual retinal layer reflectance ratio and log MAR VA. Table 2 provides the Spearman’s 

correlation coefficients that show the relationship between VA retinal reflectance ratio. 

Increased NFLR was correlated with reduced VA for the complete sample of DR subjects 

(ρ=0.24; P=0.003; N=149). Further, high NFLR was also associated with reduced VA in the 

NPDR group (ρ=0.28; P=0.03), but no significant correlations were observed for the no DR and  
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Table 2: Mean reflectance measures of individual retinal layer and Spearman's correlation 
coefficients with VA in all DR subjects (N=149) 

RETINAL LAYER GROUP 
REFLECTANCE RATIO (AU) 

(Mean ± SD) 
ρ 

NFL 

No DR 0.53 ± 0.07 0.18 

NPDR 0.57 ± 0.08 0.28 

PDR 0.57 ± 0.11 0.09 

All subjects 0.56 ± 0.09 0.24** 

GCLIPL 

No DR 0.61 ± 0.06 0.08 

NPDR 0.62 ± 0.07 0.23 

PDR 0.61 ± 0.08 0.002 

All subjects 0.61 ± 0.07 0.12 

INL 

No DR 0.50 ± 0.05 0.02 

NPDR 0.51 ± 0.06 -0.05 

PDR 0.49 ± 0.08 -0.21 

All subjects 0.50 ± 0.06 -0.09 

OPL 

No DR 0.52 ± 0.06 0.05 

NPDR 0.52 ± 0.06 -0.05 

PDR 0.51 ± 0.08 -0.02 

All subjects 0.52 ± 0.07 -0.05 

ONL 

No DR 0.36 ± 0.04 0.04 

NPDR 0.37 ± 0.04 -0.05 

PDR 0.38 ± 0.06 0.06 

All subjects 0.37 ± 0.05 0.07 

OSL 

No DR 0.81 ± 0.06 -0.09 

NPDR 0.79 ± 0.08 -0.27* 

PDR 0.79 ± 0.10 -0.46** 

All subjects 0.80 ± 0.08 -0.29** 
* indicates P≤0.05; ** indicates P ≤ 0.01 
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PDR groups (both ρ≤0.22; P≥0.17). Additionally, low OSLR was associated with reduced VA for 

the complete sample of subjects (ρ=-0.29; P<0.01; N=149). When compared within the 

subgroups, low OSLR was significantly correlated with reduced VA in the NPDR and PDR 

groups (both ρ≤-0.27; P<0.05), but not in the no DR group (ρ=-0.09; P=0.56). No other 

reflectance ratios were significantly associated with VA. 

3.1.5 Comparison of VA in subjects with and without retinal layer disruptions: 

For DR subjects who had layer interface disruptions, the mean percentage of the foveal region 

that was disrupted in the inner nuclear layer (INLd) and outer nuclear layer (ONLd)was 27 ± 

31% and 28 ± 33%, respectively. There were no disruptions in the NFL/GCLIPL and OSL/RPE 

interfaces. Mean log MAR for subjects who had disruptions in the INL was 0.16 ± 0.17 (N=25), 

whereas the mean log MAR for subjects who did not have disruptions was 0.07 ± 0.18 

(N=124); VA was lower in subjects with the presence of INLd (P=0.003). Mean log MAR for 

subjects who had disruptions in the ONL was 0.17 ± 0.16 (N=26), whereas the mean log MAR 

for subjects who did not have disruptions was 0.07 ± 0.18 (N=123); VA was lower in subjects 

with the presence of ONLd (P=0.001). 
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3.2 CHANGES IN THE RETINAL LAYER METRICS OVER TIME 

3.2.1 Demographics of subjects in NT, UT and T groups: 

Table 3 represents the demographic details of the subjects in the NT, UT and T groups. All the 

comparisons were performed using one-way ANOVA. There were no significant differences in 

subject age among the groups. All the subjects had similar mean HbA1c levels and diabetes 

duration did not vary among the three groups. The mean follow-up duration was not 

significantly different among the groups; hence this factor was not considered further. 

 

 

Table 3: Demographics of the subjects in NT, UT and T groups 

PARAMETER 
NT (N=6) 

(Mean ± SD) 

UT (N=7) 

(Mean ± SD) 

T (N=10) 

(Mean ± SD) 
P-VALUE 

Age (years) 53 ± 15 59 ± 10 55 ± 7 0.55 

Diabetes duration (years) 19 ± 7 19 ± 9 20 ± 8 0.96 

Follow-up duration (days) 230 ± 155 154 ± 73 220 ± 172 0.57 

HbA1c (%) 8.3 ± 1.1 9.3 ± 1.5 8.6 ± 1.8 0.52 

Injections in Lifetime (before 

baseline and between visits) 
0 3 ± 2 9 ± 5 0.006 
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3.2.2 Variations in retinal metrics between visits and among NT, UT and T groups: 

A two-way repeated measures ANOVA was performed to compare the mean log MAR values 

at the two visits for the NT, UT and T groups. The ANOVA showed a significant effect of group 

(F = 3.64, P = 0.05), but not visit (mean log MAR was 0.05 at visit-1 and 0.06 at visit-2; F = 0.06, 

P = 0.80). The group by visit interaction was not significant (F = 0.77, P = 0.48). Mean log MAR 

was significantly lower in UT compared to T group (t = 2.67, P = 0.048), but there were no 

significant differences among other groups (all t < 1.89, p > 0.23).   

A series of two-way repeated measures ANOVA with group (NT, UT and T) and visit as main 

effects was performed to evaluate potential changes in retinal thickness between visits. 

ANOVA identified significant changes between visits in retinal thickness of two layers: RPET 

and OSLT.  For the RPE, there was a significant difference between visits for the complete 

sample of subjects (visit-1 = 25μm, visit-2 = 28 μm; F = 5.51, P = 0.03), but the three groups 

had similar RPET (NT = 27 μm; UT = 26 μm; T= 26 μm; F =0.47, P = 0.64). There was no 

significant interaction (F = 0.00, P = 1.0). There was also a significant difference between 

visits in OSLT for the complete sample of subjects (visit1 = 24.89 μm, visit-2 = 28.34 μm F = 

7.41, P = 0.01), but the three groups had similar OSLT (NT = 27.84 μm; UT = 25.61 μm; T = 

26.39 μm; F = 1.19, P = 0.63). There was no significant interaction (F = 1.52, P = 0.25). No 

other statistically significant differences were observed.  
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A series of two-way repeated measures ANOVA with group (NT, UT and T) and visit as main 

effects was also performed to evaluate changes in retinal reflectance between visits. No 

significant differences were observed between visits (F≤0.81, P≥0.31). For comparisons 

among the groups, only the INLR was significantly different. In comparison to the NT group 

(reflectance = 0.54), the INLR was lower in the UT group (reflectance = 0.45; t=2.10, P=0.005), 

but there were no significant differences among other groups, NT/T and UT/T (Reflectance 

=0.51; t=2.05, P>0.05). The interaction was not significant (F≤2.77, P ≥ 0.09).
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CHAPTER 4 

 

DISCUSSION  

In the current thesis, alterations in individual retinal layer metrics (thickness, reflectance and 

interface disruptions) were concurrently determined by en face OCT imaging in subjects at 

different stages of DR and the association of these metrics with VA was determined. 

Assessment of retinal layer interface disruption and reflectance provide important 

complementary metrics to thickness, which is the standard measure derived from OCT 

images. In addition, changes in the three metrics (thickness, reflectance, disruption) were 

examined over time in subjects grouped by treatment; despite the small sample size, this is 

the first report of concurrent measurement of these values over time. 

 

4.1 IMAGE SEGMENTATION METHODS AND ANALYSIS 

Methods for segmentation of retinal layers in DR have been reported in quite a few previous 

studies (21; 31; 32; 33; 34; 35; 36). Segmentation of the retina is important, as the effects of 

disease, such as DR, may have selective effects on individual retinal layers. Implementation of 

en face OCT imaging for analyzing retinal layer alterations in DR is particularly advantageous, 
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as it allows visualization of spatially localized thickness and reflectance abnormalities. In 

general, the presence of distinct interfaces between layers allows accurate automated 

segmentation of retinal layers in healthy individuals, as well as in most DR subjects. However, 

in some patients with advanced pathologies, the interfaces are not clearly identifiable even by 

an expert human observer. To assess the retinal integrity, the current study presents an 

interface disruption metric, a quantitative measure of the regions between layers that are 

visually indiscernible due to pathologies and macular edema. 

 

4.2 ASSOCIATIONS OF VA WITH RETINAL LAYER METRICS 

One important consideration in the decision of whether to initiate treatment in DR is whether 

the structural changes due to the disease affect retinal function or not. That is, treatment may 

not necessarily be warranted for individuals who have retinal structural abnormalities but no 

functional loss. Thus, determining the relationship between structural metrics and VA, the 

most common functional measure, is essential. The results of the current study showed that 

NFLT, INLT, OSLT, NFLR and OSLR were the measures significantly associated with reduced VA.  

The observed correlation of reduced VA with increased INLT and OPLT in DR subjects was 

consistent with previous studies that reported a correlation between increased edema and 

reduced VA (23). Here too, we attribute the thickening of these retinal layers and the 

associated VA loss to edema. The significant correlation between INLT and VA within the NPDR 
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and PDR groups suggests that assessment of this layer may be useful as a metric for assessing 

visual outcome in future clinical trials. The findings of the study are also in agreement with 

other studies that reported the presence of cystoid spaces and increased INL and OPL 

thickness, although these previous studies did not report correlations with VA (5; 6). The 

association of CST, measured from Heidelberg software, with reduced VA was also consistent 

with previous studies (37; 12).  

Although reflectance is not a common measure derived from OCT images, the current study 

reports the association of decreased OSLR with reduced VA. This finding agrees with a 

previous study that reported reduced photoreceptor reflectance due to the presence of 

cystoid spaces in OSL (38). It is also consistent with studies that demonstrated the association 

of the integrity of the photoreceptor layer with VA (20; 23; 24; 31; 39). However, these 

previous studies assessed inner and outer receptor interface visibility based on single or low 

density raster volume of B-scans, whereas the current study used en face reflectance images 

generated from high density OCT B-scans. Thus, the present study provides a more accurate 

evaluation of localized OSL deficits compared to the evaluation of individual B-scans. In 

addition, the present study also reports a significant correlation between increased NFLR and 

reduced VA, which has not been reported previously in DR.  

In subjects with who had interface disruptions in the INL and ONL, VA was reduced, relative 

to individuals who did not have disruption in these layers. This finding is in consensus with 
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previous studies that reported a correlation between combined inner retinal interface 

disruption (NFL/GCLIPL, GCLIPL/INL/OPL, OPL/ONL) and VA, although they did not assess 

the disruptions in other layer interfaces (ONL/OSL, OSL/RPE) (25; 26). 

 

4.3 CHANGES IN RETINAL METRICS AMONG NT, UT AND T GROUPS OVER TIME 

Amongst the quantitative metrics analyzed, as anticipated, there were no significant 

differences in the never treated group over time, as the subjects were naïve to anti-VEGF 

treatment. Although RPET was significantly different between baseline and follow-up, 

averaged across NT, UT and T groups, the mean thickness increase was only of 2.21 μm. The 

probable reason for no significant alterations in other parameters could be an effect of the 

treatment received prior to baseline, resulting in stability of disease progression. OSLT 

increased from baseline to follow-up, averaged across three groups. Moreover, a lower 

reflectance ratio of the INL layer was observed in the UT group. The alterations may be 

indicative of the additional treatment required to prevent further progression. 

 

4.4 LIMITATIONS AND FUTURE WORK 

Variability in the treatment protocol among the subjects and small sample size limited 

detection of statistically significant differences in the follow-up study that examined the 
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retinal metrics over time.  Future studies with a larger sample size and grouping of subjects 

based on number of anti-VEGF injections may be helpful in reducing the variability. Subjects 

with advanced DR have pathologies which cause severe abnormalities in the retinal layer 

integrity and this may have limited our ability to accurately segment the retinal layers. 

Although errors in the segmentation were corrected manually, subjective errors were avoided 

by repeating the segmentation using the same graph theory, but applied to a confined region. 

Quantifying the interface disruption, however, requires manual recognition and labeling of the 

disrupted regions, which is time consuming and can be subjective. To improve the efficacy of 

the method, development of a technique that can automate the identification and mapping of 

the retinal layer interface disruptions is required. 

Although subjects with significant cataract were excluded from the study, inclusion of subjects 

with some degree of cataract may have affected VA, which is another limitation. However, 

since DR is known to cause lens opacities, excluding subjects with any degree of cataract 

would have significantly reduced the sample size.  Future studies, with larger sample size are 

required, that can account for potential confounding factors responsible for loss of VA, 

substantiate the current findings, and reveal differences that may not have been apparent with 

the current sample size.  
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4.5 CONCLUSION 

Although enface imaging has been performed in the past, comprehensive and combined 

assessment of individual retinal layer thickness, reflectance, and interface disruptions, as well 

as their association with visual acuity, have not been reported.  Clinical treatment based on 

specific retinal layer metrics, rather than total retinal thickness, may potentially provide 

better outcomes to prevent vision loss. The results of the current thesis showed that 

alterations in retinal metrics in individual retinal layers were associated with reduced VA. 

Assessment of these select layers may be helpful in monitoring visual outcomes due to 

progression of DR. Similarly, the thickness changes that were observed in subjects who 

received treatment may be of use in stipulating further therapeutic intervent



 

34 
 

 

CITED LITERATURE 

 

1. Global prevalance of diabetes: estimates for the year 2000 and projections for 2030. Wild S, 

Roglic G, Green A, Sicree R, King H. 5, s.l. : Diabetes Care, 2004, Vol. 27. 

2. Epidemiology of diabetic retinopathy and macular oedema: a systematic review. . R Williams, 

M Airey, H Baxter, J Forrester, T Kennedy-Martin and A Girach. 10, s.l. : Eye, 2004, Vol. 18. 

3. Retinal Thickness In Diabetic Retinopathy. WINFRIED GOEBEL, MD, TATJANA 

KRETZCHMAR-GROSS, MD. 6, s.l. : Retina, 2002, Vol. 22. 

4. Patterns of diabetic macular edema with optical coherence tomography. Otani T, Kishi Sh, 

Maruyama Y. 6, s.l. : Am J Ophthalmol, 1999, Vol. 127. 

5. Retinal Layer Location of Increased Retinal Thickness in Eyes with Subclinical and Clinical 

Macular Edema in Diabetes Type 2. Bandello F, Tejerina AN, Vujosevic S, et al. 3, s.l. : 

Ophthalmic Research, 2015, Vol. 54. 

6. Structural changes in individual retinal layers in diabetic macular edema. Murakami T, 

Yoshimura N. s.l. : Journal of diabetes research, 2013, Vol. 2013. 920713. 

 

 



 

35 
 

CITED LITERATURE (Continued) 

 

8. Pathophysiology of Diabetic Retinopathy-Review. . oanna M. Tarr, Kirti Kaul, Mohit 

Chopra, Eva M. Kohner, and Rakesh Chibber. s.l. : ISRN Ophthalmology, 2013, Vol. 2013. 

9. Classifictaion of Diabetic Retinopathy and Diabetic Macular Edema. Lihteh Wu, Priscilla 

Fernandez-Loaiza, Johanna Sauma, Erick Hernandez-Bogantes, Marissé Masis. 6, s.l. : 

World Journal of Diabetes, 2013, Vol. 4. 

10. Review of Anti-VEGF Therapy in Proliferative Diabetic Retinopathy. Mille, Maria Stephanie 

R. Jardeleza & Joan W. 2, s.l. : Seminars in Ophthalmology, 2009, Vol. 24. 

11. Optical coherence tomography of the retina and optic nerve - a review. Sakata LM, Deleon-

Ortega J, Sakata V, Girkin CA. 1, s.l. : Clin Experiment Ophthalmol, 2009, Vol. 37. 

12. Relationship between optical coherence tomography-measured central retinal thickness and 

visual acuity in diabetic macular edema. Diabetic Retinopathy Clinical Research Network. 

3, s.l. : Ophthalmology, 2007, Vol. 114. 

13. Retinal layers changes in human preclinical and early clinical diabetic retinopathy support 

early retinal neuronal and Muller cells alterations. . Vujosevic S, Midena E. s.l. : Journal of 

Diabetes Research, 2013, Vol. 2013. 905058. 

14. Nerve fibre layer thinning in patients with preclinical retinopathy. Peng PH, Lin HS, Lin S. 

4, s.l. : Canadian journal of ophthalmology, 2009, Vol. 44. 



 

36 
 

CITED LITERATURE (Continued) 

 

15. Early neurodegeneration in the retina of type 2 diabetic patients. van Dijk HW, Verbraak 

FD, Kok PH, et al. 6, s.l. : Investigative ophthalmology & visual science, 2012, Vol. 53. 

16. Does neuronal damage precede vascular damage in subjects with type 2 diabetes mellitus 

and having no clinical diabetic retinopathy? Verma A, Raman R, Vaitheeswaran K, et al. 4, 

s.l. : Ophthalmic research, 2012, Vol. 47. 

17. Neurodegeneration in Type 2 Diabetes: Evidence From Spectral-Domain Optical Coherence 

Tomography. . Chhablani J, Sharma A, Goud A, et al. 11, s.l. : Investigative ophthalmology & 

visual science, 2015, Vol. 56. 

18. Correlation between ganglion cell layer thinning and poor visual function after resolution of 

diabetic macular edema. Bonnin S, Tadayoni R, Erginay A, Massin P, Dupas B. 2015 and 

56(2):978-982. 2, s.l. : Investigative ophthalmology & visual science, 2015, Vol. 56. 

19. Relationship between photoreceptor outer segment length and visual acuity in diabetic 

macular edema. Forooghian F, Stetson PF, Meyer SA, et al. 1, s.l. : Retina, 2010, Vol. 30. 

20. Maheshwary AS, Oster SF, Yuson RM, Cheng L, Mojana F, Freeman WR. 1, 2010 : Am J 

Ophthalmol, The association between percent disruption of the photoreceptor inner segment-

outer segment junction and visual acuity in diabetic macular edema. , Vol. 150. 

 



 

37 
 

CITED LITERATURE (Continued) 

 

21. Alterations in retinal layer thickness and reflectance at different stages of diabetic 

retinopathy by enface optical coherence tomography. Wanek J, Blair NP, Chau FY, Lim YI, 

Leiderman YI, Shahidi M. 9, s.l. : Ophthalmology & Visual Science, 2016, Vol. 57. 

22. Feasibility of a method for en face imaging of photoreceptor cell integrity. Wanek J, Zelkha 

R, Lim JI, Shahidi M. 5, s.l. : Am J Ophthalmol., 2011, Vol. 152. 

23. Association of pathomorphology, photoreceptor status, and retinal thickness with visual 

acuity in diabetic retinopathy. . Murakami T, Nishijima K, Sakamoto A, Ota M, Horii T, 

Yoshimura N. 2, s.l. : Am J Ophthalmol, 2011, Vol. 151. 

24. Association between photoreceptor integrity and visual outcome in diabetic macular edema. 

Shin HJ, Lee SH, Chung H, Kim HC. Graefes Arch. 1, s.l. : Clin Exp Ophthalmol, 2012, Vol. 250. 

25. Disorganization of the retinal inner layers as a predictor of visual acuity in eyes with center-

involved diabetic macular edema. Sun JK, Lin MM, Lammer J, et al. 11, s.l. : JAMA Ophthalmol, 

2014, Vol. 132. 

26. Neural Retinal Disorganization as a Robust Marker of Visual Acuity in Current and Resolved 

Diabetic Macular Edema. Sun JK, Radwan SH, Soliman AZ, et al. 7, s.l. : Diabetes, 2015, Vol. 64. 

 

 



 

38 
 

CITED LITERATURE (Continued) 

 

27. A Method for En Face OCT Imaging of Subretinal Fluid in Age-Related Macular Degeneration. 

Mohammad F, Wanek J, Zelkha R, Lim JI, Chen J, Shahidi M. s.l. : Journal of ophthalmology, 

2014, Vol. 2014. 720243. 

28. Feasibility of level-set analysis of enface OCT retinal images in diabetic retinopathy. 

Mohammad F, Ansari R, Wanek J, Francis A, Shahidi M. 5, s.l. : Biomed Opt Express., 2015, Vol. 

6. 

29. Enface thickness mapping and reflectance imaging of retinal layers in diabetic retinopathy. 

Francis AW, Wanek J, Lim JI, Shahidi M. 12, s.l. : PLoS One, 2015, Vol. 10. 

30. Early Treatment Diabetic Retinopathy Study design and baseline patient. ETDRS report 

number 7. . Early Treatment Diabetic Retinopathy Study Research Group. 5 Suppl, s.l. : 

Ophthalmology, 1991, Vol. 98. 

31. Development of a semi-automatic segmentation method for retinal OCT images tested in 

patients with diabetic macular edema. Huang Y, Danis RP, Pak JW, et al. 12, s.l. : PLoS One, 

2013, Vol. 8. 

32. Automatic segmentation of seven retinal layers in SDOCT images congruent with expert 

manual segmentation. Chiu SJ, Li XT, Nicholas P, Toth CA, Izatt JA, Farsiu S. 18, s.l. : Opt 

Express, 2010, Vol. 18. 



 

39 
 

CITED LITERATURE (Continued) 

 

33. .Automated 3-D intraretinal layer segmentation of macular spectral-domain optical 

coherence tomography images. Garvin MK, Abramoff MD, Wu X, Russell SR, Burns TL, Sonka 

M. 9, s.l. : IEEE transactions on medical imaging, 2009, Vol. 28. 

34. Automated segmentation by pixel classification of retinal layers in ophthalmic OCT images. 

Vermeer KA, van der Schoot J, Lemij HG, de Boer JF. 6, s.l. : Biomed Opt Express, 2011, Vol. 2. 

35. Kernel regression based segmentation of optical coherence tomography images with diabetic 

macular edema. Chiu SJ, Allingham MJ, Mettu PS, Cousins SW, Izatt JA, Farsiu S. 4, s.l. : Biomed 

Opt Express, 2015, Vol. 6. 

36. Automatic segmentation of closed-contour features in ophthalmic images using graph theory 

and dynamic programming. Chiu SJ, Toth CA, Bowes Rickman C, Izatt JA, Farsiu S. 5, s.l. : 

Biomed Opt Express, 2012, Vol. 3. 

37. Regression of serous macular detachment after intravitreal triamcinolone acetonide in 

patients with diabetic macular edema. Ozdemir H, Karacorlu M, Karacorlu SA. 2, s.l. : Am J 

Ophthalmol, 2005, Vol. 140. 

38. Optical coherence tomographic reflectivity of photoreceptors beneath cystoid spaces in 

diabetic macular edema. Murakami T, Nishijima K, Akagi T, et al. 3, s.l. : Investigative 

ophthalmology & visual science, 2012, Vol. 53. 



 

40 
 

CITED LITERATURE (Continued) 

 

39. Correlation between visual acuity and foveal microstructural changes in diabetic macular 

edema. Otani T, Yamaguchi Y, Kishi S. 5, s.l. : Retina, 2010, Vol. 30. 

 

 



 

41 
 

APPENDIX 

APPROVAL FROM INSTITUIONAL REVIEW BOARD 



42 
 

 
 

 



43 
 

 
 



 
 

44 
 

VITA 

 

NAME   LakshmiPriya Rangaraju 

EDUCATION  B.Tech., Bio-Medical Engineering, B. V. Raju Institute of Technology, 

India, 2015 

M.S., Bioengineering, University of Illinois at Chicago, Illinois, 2017 

EXPERIENCE  Graduate Research Assistant, Department of Ophthalmology and Visual 

Sciences, UIC, Jan 2016-Present 

HONORS  Board of Trustees Tuition and Fee waiver, Spring-2016. 

 


