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1. Introduction 

 

Diabetic retinopathy (DR) and diabetic macular edema (DME) are leading causes of 

blindness among working age adults worldwide, including Hungary (1). The main retinal 

insults in diabetes mellitus (DM) are vascular and neural (2). Increased retinal vascular 

permeability caused by alteration of the blood-retinal barrier as a result of dysfunctional 

tight junctions, vessel occlusions, leakage and endothelial cell mediated leukostasis lead to 

retinal edema and ischaemia (2-3). 

However, chronic hyperglycemia injures not only the retinal vessels but also the choroidal 

vessels (4). The choroid provides oxygen and nutrients to the outer retinal layers and it is 

the only blood supply of avascular fovea (5). In DR several histopathological choroidal 

abnormalities have been reported, including vascular remodelling with increased tortuosity, 

obstruction and dilatation of the choriocapillaries, choroidal microaneurysms and choroidal 

neovascularization (6, 7). Experimental and clinical findings suggested that choroidal 

vasculopathy may play a vital role in the pathogenesis of DR (8).  

Until recently, the clinical evaluation of choroid could only be performed by indocyanine 

green angiography, laser flowmetry and ultrasonography, but these techniques did not show 

the three-dimensional anatomy of choroidal layers (7). With the advent of optical coherence 

tomography (OCT) a non-invasive, high-quality imaging technique for ocular structures 

became possible (9). Enhanced depth imaging (EDI) of spectral-domain (SD) OCT scans 

was shown to produce higher resolution with increased depth of penetration, allowing 

quantitative and cross-sectional imaging of the choroid (10). Swept-source (SS) OCT can 

achieve even better three-dimensional choroidal images due to its longer wavelength (1050 

nm) and faster scanning speed (100,000 A-scan/sec) (11-12). Unlike SD-OCT, SS-OCT 

machines with using a new software are also capable of creating automatic choroidal 

volumes and thickness measurements (13). 
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The choroidal thickness (CT) of diabetic patients has been evaluated in several studies with 

conflicting results (14-18). In all these studies principally a mixed cohort of treated and 

non-treated DR eyes was evaluated (8, 19).  

There are various metabolic and environmental factors, such as higher glycated hemoglobin 

A1c (HbA1c) level, a longer duration of diabetes mellitus, hypertension, and dyslipidemia 

that affect the development and progression of DR (20, 21). In addition, over the past few 

years, a number of genetic studies have shown that genetic factors may also play an 

important role in the pathogenesis of DR (22, 23).  

Stromal cell-derived factor-1 (SDF-1) is an active chemokine that mobilizes endothelial 

progenitor cells (24, 25). Accumulating experimental and clinical data suggest that SDF-1 

plays a significant role in the micro- and macrovascular complications of DM (26). In terms 

of ophthalmological complications, SDF-1 plays a crucial role in developing proliferative 

diabetic retinopathy (PDR) via promoting vascular endothelial growth factor (VEGF)-

mediated neoangiogenesis (25, 27, 28) and it is also a key factor of DME by increasing 

microvascular permeability (29). In addition, the variant of the SDF-1 gene is already 

known to be associated with the increased production of SDF-1 and the development of DR 

(30, 31, 32). Djuric et al. found that SDF-1 (c801AA) homozygosity is associated with the 

risk of PDR and pointed to a possible role of this allelic variant in the development of PDR 

(33).  

To the best of our knowledge, the molecular mechanism of choroidal changes in diabetes 

and its relationship to SDF-1 has not been investigated yet.  

 

1.1 Anatomy and physiology of the choroid 

 

1.1.1. Macro- and microscopic anatomy of the human choroid 

The choroid is a sponge-like, vascularized and pigmented tissue located between the lamina 

fusca of the sclera and the retina and making up the posterior part of the uvea (34, 35). It 

extends from the ora serrata anteriorly to the optic nerve posteriorly (8). Histological 
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investigations of the choroid demonstrated that it is approximately 200 μm thick at birth 

and decreases to about 80 μm by the age of 90 (36). Histologically, the majority of the 

choroid is characterized by its layered vasculature, with stromal tissue accounting for only 

about 20% of its volume (35, 37).  

The choroid is supplied primarily from the long and short ciliary arteries with some 

contribution from the anterior ciliary arteries (38). The distribution is segmental. Both 

aforementioned arteries eventually form the choroidal arteries terminating in a lobular 

pattern and can be considered functionally as ‘end arteries’ (39).  Drainage of blood from 

the choroid is thought to occur exclusively through four to eight vortex veins that 

ultimately merge with the ophthalmic vein (40).  

The following layers are distinguished from the outer retina towards the sclera: Bruch's 

membrane, the choriocapillaris (CC), Sattler's and Haller's layer, and the suprachoroidal 

layer (Figure 1) (35). Bruch's membrane is formed by the fusion of the basement membrane 

of the retinal pigment epithelium (RPE) and the fibrous basement membrane derived from 

the endothelial cells of the outermost capillaries of the choriocapillaris layer (5). According 

to Hogan’s classification of the early 1960s, Bruch's membrane consists of five layers, 

which include the basal lamina of the RPE, the inner collagenous layer, the elastin layer, the 

outer collagenous layer, and the basal lamina of the choriocapillaris (41). It provides a 

filtration barrier to regulate exchange between the RPE and choriocapillaris (42). The 

anatomy of the Bruch’s membrane makes it permeable to ions, metabolic waste, and 

glucose, and the age-related changes in its anatomy play a significant role in disease 

incidence (42, 43). 

The choriocapillaris layer consists of a network of densely compacted capillaries that serve 

as the final route of choroidal blood flow (35). These capillaries are organized into a series 

of hexagonal-shaped lobules, which are smaller at the posterior pole, and become 

progressively larger towards the periphery (35, 44). The choriocapillaris lobules are 

separated by many tiny intercapillary spaces (35). These spaces may increase with age and 

diseases, such as myopia and age-related macular degeneration (AMD), and this 

enlargement may reflect a reduction in the number or diameter of the choriocapillaris 
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vessels (35, 45). The capillaries have a distinctly wider lumen than other capillaris bed 

found in the body, allowing more than one red blood cell to pass through (42). In addition, 

the choriocapillaris layer has a distinct planar geometry, which allows three to four times 

more diffusion of molecules compared to the choriocapillaris layer of kidneys (42). The 

walls of the capillaris vessels are extremely thin and contain multiple fenestrations, which 

are pore-like structures in the cell membrane (35). These fenestrations are located only on 

the retinal side of the choriocapillaries (35, 46). The specialized anatomy of the 

choriocapillaris lamina allows it to provide oxygen, micronutrients, ions, and water to the 

RPE and regulating outer ocular temperature (5, 42). The high permeability of the 

fenestrated capillaries also maintains a high oncotic pressure that allows fluid to move out 

of the retina through the choroid layers and eventually drain out of the sclera (42, 47). The 

thickness of the choriocapillaris shows regional variability. It is around 10 μm thick at the 

fovea, the area of highest metabolic activity, and 7 μm thick in the periphery of the retina 

(35, 48). 

Traditionally, the vascular system between the choriocapillaris and the suprachoroid has 

been subdivided into two different layers based on histological examinations performed by 

anatomists, such as Sattler and Haller (35). Sattler’s layer lies adjacent to the 

choriocapillaris and is comprised of medium-sized arterioles feeding the choriocapillaris 

and draining venules, followed by Haller’s layer containing larger vessels (35, 49). The 

stroma (extravascular tissue) contains collagen and elastic fibers, fibroblasts, non-vascular 

smooth muscle cells and numerous very large melanocytes that are closely apposed to the 

blood vessels (5). The pigmented appearance of the choroid is due to the presence 

of melanocytes that in healthy individuals are distributed throughout the stroma with the 

exception of the choriocapillaris layer (35, 50). Little is currently known about the 

physiological and pathophysiological characteristics of these two layers (35). 

The suprachoroid is a transitional zone between choroid and sclera containing elements of 

both collagen fibers, fibroblasts and melanocytes (5). The suprachoroid has large 

endothelial-lined spaces receiving fluid via the uveoscleral route and from the remaining 

choroid due to an oncotic gradient and emptying into veins (5, 8). The 30-μm-thick outmost 

https://www.sciencedirect.com/topics/medicine-and-dentistry/fenestration
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/vascular-system
https://www.sciencedirect.com/topics/medicine-and-dentistry/arteriole
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/venule
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/melanocyte
https://www.sciencedirect.com/topics/medicine-and-dentistry/stroma
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layer of the suprachoroid is the lamina fusca, consisting of several layers of melanocytes 

and fibroblast-like cells disposed in plates, with bundles of myelinated axons (5, 8). 

 

 

Figure 1: Histological slide (left, standard hematoxylin and eosin) of the human choroid 

and corresponding sketch (right) as an overview for its general anatomical organization. 

RET: retina; RPE: retinal pigment epithelium; BM: Bruch’s membrane; CC: 

choriocapillaris; SL: Sattler’s layer; HL: Haller’s layer; SC: suprachoroid; SCL: sclera. The 

picture is from the study of Zhang et al. (35). 

 

1.1.2. Physiology of the choroid 

The main physiologic function of the choroid is to provide oxygen and nutrients to the 

highly metabolic outer retinal layers, namely the central avascular fovea and the prelaminar 
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portion of the optic nerve (8, 51). However, recent studies have revealed its critical role in 

thermoregulation, intraocular pressure modulation, emmetropization, positional adjustment 

of the retina, and secreting growth factors (5, 35). Additionally, the choroid functions to 

drain the aqueous humor from the anterior chamber through the uveoscleral pathway (35, 

52).  

Despite the conspicuousness of the retinal blood vessels, the major blood supply to the 

retina is the choroid (5). The photoreceptors are extremely metabolically active cells.  They 

use about 90% of oxygen delivered to the retina, especially in darkness, when the light-

gated ion channels are open, and active transport of ions is required to maintain ion 

homeostasis (5, 8, 53). To achieve this high level of oxygen transport from the choroid, 

despite the barriers of Bruch's membrane and the RPE, a steep gradient of oxygen tension is 

required (5). This is maintained by the high blood flow in the choroid, which is probably 

the highest of any tissue in the body per unit tissue weight, ten-fold higher than in the brain 

(5, 54, 55). Unlike the retinal circulation (the walls of the capillaries in the retina have no 

fenestrations, constituting the blood-ocular barrier), the choriocapillaris layer consists of 

fenestrated blood vessels, allowing prompt delivery of oxygen and nutrients to the outer 

retina and macula (5, 8, 56). These fenestrations have a high permeability not only to 

oxygen and glucose but to low molecular weight substances such as albumen and 

myoglobulin (5).  

Although the importance of the choroid, particularly the choriocapillaris layer, has been 

widely reported in the literature, understanding the structure and function of this vascular 

bed remains challenging due to the limited availability of appropriate techniques for 

visualization and evaluation of this layer (8, 42). Significant structural or functional 

changes in the choriocapillaris have been found in diseases of the posterior pole (42). These 

pathologies are either directly caused by the changes in the choriocapillaris anatomy or are 

thought to be significantly influenced by the changes of this layer (42). Abnormal choroidal 

blood volume and/or compromised flow can result in photoreceptor dysfunction and death 

(34). In addition, reduced retinal blood flow can modulate vascular endothelial growth 

factor production and expression, driving changes in the choroidal vasculature (42). It is 
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essential for researchers and clinicians evaluating posterior segment pathologies (such as 

AMD, central serous chorioretinopathy and diabetic retinopathy) to understand better this 

closed-loop feedback relationship between the choroid and retina (42). 

 

1.2. Evaluation of the choroid  

 

1.2.1. Evaluation of the choroid 

Until recently, the choroid could be evaluated in vivo by means of indocyanine green 

angiography (ICGA), laser Doppler flowmetry and ultrasonography (57). ICGA allows the 

visualization of choroidal vessels and circulation under the retinal pigment epithelium (57). 

Intravenous administration of exogenous dye (water-soluble tricarbocyanine) is required for 

this technique (58). Because it is an invasive procedure, it can cause adverse side effects 

that may be mild (nausea, vomiting, pruritus), moderate (urticaria, thrombophlebitis), or 

even serious and life-threatening (bronchospasm, laryngeal oedema, myocardial infarction) 

(59). ICGA has been shown to be better than fluorescein angiography (FA) in visualizing 

the details of pathophysiological changes involving the choroidal vasculature such as 

choroidal neovascularization and choroidal polyps (57). In addition, the longer wavelengths 

used in ICGA allow better visualization of underlying lesions in cases involving blood, 

exudates and pigment epithelial detachment (57, 60, 61). 

Laser Doppler flowmetry is a non-invasive diagnostic method that allows the assessment of 

hemodynamic parameters of optic nerve head, iris and subfoveal choroidal circulation by 

determining the average speed and number of erythrocytes moving in a specific volume 

(57). This technique has been used to show that choroidal circulation is decreased in 

diseases such as diabetic retinopathy, AMD and retinitis pigmentosa (57, 62, 63). 

Ultrasonography has been an important diagnostic tool in the evaluation of the globe and 

posterior structures in cases of ocular traumas, in opaque media such as corneal leukomas, 

dense cataracts, and vitreous opacities when the posterior pole cannot be evaluated and in 

the assessment of advanced diabetic retinopathy or retinal detachments (57, 58). In 
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particular, it plays a significant role in the diagnosis and follow-up of intraocular tumors 

(57, 58). However, the low image resolution of ultrasonography makes it difficult to detect 

small changes in the choroid, and separation of the relatively thin choroid from the retina 

and sclera may not be possible with this modality (57, 58). 

Despite their utility, these methods may not be ideal for visualizing the choriocapillaris as 

none of them provide in vivo cross-sectional images of the anatomy of the retinal pigment 

epithelium or choroidal layers, and none provide sufficient data regarding true choroidal 

thickness and morphology (57, 58). Optical coherence tomography is a relatively new 

method that provides non-invasive, in vivo images of the posterior pole with a resolution 

close to histological examination (57, 58). Technically, OCT is a partial coherence 

interferometer using a super-luminescent diode light source to measure the amplitude of 

light reflected from tissues of different optical densities to produce high-resolution cross-

sectional images of the structure being examined (64). OCT can be thought of as an optical 

analogue to ultrasound, but by means of light instead of sound (65). One of the main 

differences between the characteristics of these two methods is that the light has a 

significantly shorter wavelength, resulting in higher resolution but reduced penetration (66). 

The image containing depth information from one point in the section of tissue being 

examined is called A-scan (A mode) in the case of OCT, similar to ultrasound. The cross-

sectional B-scan (B mode) image is composed of adjacent A-scan images of the tissue 

being investigated (66). The depth resolution and tissue penetration of OCT imaging 

depends on the wavelength of the examination light source, while the lateral resolution 

depends on the diameter of the light beam (66, 67). 

The most common OCT technology available at the moment is the spectral domain OCT 

(58). This technique examines the target tissue with an exploring beam of light, usually 

using a light source with a wavelength of 800-870 nm, which provides excellent imaging of 

the vitreoretinal interface and the retina, but the visualization of the choroid is limited due 

to depth and density of choroidal tissue and light attenuation by the RPE (58, 68, 69). In 

2008, a new imaging technique called enhanced depth imaging OCT was described which 

can be employed on the SD-OCT machine (70). The zero-delay line is a reference point or 
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plane defined by a software where imaging is optimal, so that the best resolution can be 

achieved. In SD-OCT, this point usually corresponds to the vitreoretinal interface, the 

resolution of deeper layers decreases with distance. The EDI imaging technique moves the 

zero-delay line back to the level of the outer retina-RPE junction, so that the choroid can be 

displayed with higher resolution (57). EDI-OCT allows to measure choroidal thickness 

parameters, but this technique has some limitations (58). In most of the studies, manual or 

semi-manual methods have been used to quantify choroidal thickness (Figure 2) (71, 72). 

These methods suffer from large intra- and interobserver variability, and do not have access 

to the choriocapillaris separately (72). On the other hand, EDI-OCT has some limitations in 

imaging particularly thick choroids or highly pigmented eyes due to the fact that the 

choroid itself, especially if it is rich in melanin could absorbs/deflects a great portion of 

OCT signal (58, 73). 

 

 

Figure 2: Manual measuring of choroidal thickness at different points on EDI-OCT 

imaging from the study of Akay et al. (71). 

 

Recently, a new technology called swept source OCT has become available in the clinical 

setting (58). SS-OCT uses a wavelength-sweeping laser and dual-balanced photodetector, 

allowing for faster acquisition speeds of 100,000-400,000 A-scans per second (74). SS-

OCT and SD-OCT are categorized as Fourier domain optical coherence tomography (75). 

Unlike SD-OCT, which has a low-coherence super-luminescent diode light source and an 
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interference spectrum obtained by spectral splitting, SS-OCT generally uses a tunable light 

source which wavelength varies with time (75, 76). In SD-OCT, broad wavelength light is 

divided into a spectrum by diffraction and then projected into a spectroscope where light 

interference is achieved (75). In SS-OCT, a spectroscope is unnecessary, since the light 

source is already divided into a spectrum through the tunable laser (Figure 3) (75).  

 

 

Figure 3. Schematic drawing of the swept source optical coherence tomography device 

from Kishi S. (75).  

 

This simplified mechanism contributes the high-speed data acquisition in SS-OCT which 

results in a clearer image compared to SD-OCT (75). The depth of tissue penetration is 

governed by the wavelength of the light source used (75). In SS-OCT, the median 

wavelength is 1050 nm compared to the median wavelength of SD-OCT, which is 

approximately 800-870 nm (75). Consequently, the choroid–sclera boundary has higher 
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contrast in SS-OCT (76). These features make SS-OCT able to overcome most of the EDI-

OCT limitations, allowing a better penetration of the signal and good visualization of both 

the superficial and the deep structures at the same time in most conditions (58, 77). 

Commercially available SS-OCT machines can also create automatic choroidal volumes 

and thickness measurements, which was not possible with most of the spectral-domain 

machines (13). 

OCT angiography is the latest iteration of non-invasive imaging and combines the 

structural information provided by OCT scans with blood flow detection, without the need 

to inject any dye (58, 78). This technology is based on the detection of the intrinsic 

movement of particles in biological tissue to enable the reconstruction of retinal and 

choroidal vessels (79). When OCTA was firstly introduced in the clinical practice its 

applications were limited to the study of choroidal circulation for some reasons (58). 

Mainly, the first OCTA devices were based on SD-OCT technology thus the signal strength 

was too low to allow good-quality images beyond the RPE (58). On the other hand, OCTA 

evaluation of the choroidal layers can be complicated by the projection of the superficial 

vascular network pattern into deeper layers (projection artefacts), which can lead to 

erroneous results in both qualitative and quantitative assessment of blood flow (80). Over 

time, software-based correction of projection artefacts has been developed, devices with 

higher acquisition speed and better resolution have improved the quality of scans, so the 

first analysis of the choroid with OCTA has been attempted (58). Recently, OCTA devices 

based on swept-source technology have allowed good visualization of the structure and 

blood flow in the choriocapillaris layer, but evaluation of the deeper choroidal layers may 

still be challenging (58, 79).  

 

1.2.2. Choroidal thickness and its influencing factors  

As one of the objective biomarkers for the evaluation of choroid, choroidal thickness may 

depend on physiological factors of the body and the chosen measurement method (9). The 

normal CT differs among different measuring instruments. The majority of the studies 
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reported that the CT measured by SS-OCT (DRI-OCT Triton Plus, Topcon, Tokyo, Japan) 

was slightly higher than that measured by SD-OCT (Spectralis, Heidelberg Engineering 

Co.), which could be attributed to the ability of SS-OCT to identify the choroid–scleral 

interface more precisely (12, 81, 82). With using SS-OCT, the choroidal thickness is 

measured as the height from the lower boundary of the hyperreflective RPE to the choroid–

scleral interface, determined by an automated built-in calibration software (Figure 4) (12).  

 

 

Figure 4: Boundaries of the choroid of a healthy subject examined by SS-OCT (DRI OCT 

Triton, Topcon Co., Tokyo, Japan). The choroidal thickness values were calculated 

automatically. Image of our working group. 

 

In several OCT studies, the choroid was found to be thicker in the subfoveal area and then 

CT decreased from the subfoveal area to the nasal and temporal choroid, with the nasal CT 

usually being the thinner (11, 15, 83). With using SS-OCT, the mean CT was reported to be 

278.5±110.5 μm by Zafar et al. (13), 296±9.7 μm by Philip et al. (84), 299.10 ± 131.2 μm 

by Bhayana et al. (81) and 300.87 ± 72.256 μm by Moussa et al. (85). Mori et al. recently 

examined choroidal thickness in healthy eyes using EDI-OCT and showed associations 

with age, axial length (AL), sex and spherical equivalent (86). With using SS-OCT, Hirano 

et al. found that the CT was negatively associated with advanced age (p<0.05) and AL 

(p = 0.042) (87). Bhayana et al. described a negative correlation between subfoveal 
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choroidal thickness and age (r=-0.0961, p=0.1392) and axial length (r=-0.3166, p<0.001) 

(81). Autopsy studies have reported a 1.1 μm decrease of CT per year (88), previous SD-

OCT studies have suggested 1.56–1.95 μm for each additional year of age (83, 89), and 

early SS-OCT studies reported that the mean decrease is about 14 μm for each decade of 

life (90). It is well known from cross-sectional studies that choroidal thickness decreases 

with increasing axial length (87).  Michalewski et al. examined the CT in patients with 

wide spectrum of refractive errors (from −22 to +6 diopter) using SS-OCT, and they 

revealed that choroidal thickness decreases 18.7 μm with every decrease of 1 diopter (R2 = 

0.2) (91). Bhayana et al. found that longer eyes had thinner subfoveal choroid while shorter 

eyes had thicker choroid and the relationship of subfoveal choroidal thickness with axial 

length (r=−0.3166, p<0.001) as well as spherical equivalent (r=0.2393, p=0.0002) was 

statistically significant (81). In previous SD-OCT studies, it has been suggested that CT is 

thicker in men than in women (92, 93). On the other hand, Ruiz-Medrano et al. (11) and 

Akhtar et al. (94) found no difference in CT among genders with using SS-OCT. The 

thickness of the choroid shows a natural diurnal variation (20-60 µm). It thickens during the 

day and is thickest during the evening and night hours, with the turn being measured 

around midnight (95, 96). In the future, further studies may be needed to determine what 

other physiological factors could be responsible for intra-individual variations in choroidal 

thickness (91). It may vary with race or other genetic predispositions or other unknown 

factors (91).  

 

1.3. Diabetic choroidopathy (DC) and choroidal thickness changes in diabetes  

Diabetes mellitus affects all small and large blood vessels in the body (7). Diabetic 

microangiopathy is a major contributor to the multi-organ complications of diabetes, 

including nephropathy, cardiovascular disease and neuropathy (97). In the eye, the focus 

has always been on the retinal changes that lead to diabetic retinopathy (7). However, it 

seems logical that the choroidal vasculature would also be affected in DM and the choroid 

itself would degenerate, leading to diabetic choroidopathy (7). 
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The first evidence of choroidal involvement in DR came from histopathology, where 

diabetic eyes showed increased arteriosclerosis and periodic-acid Schiff (PAS)-positive 

material within the arterial and capillary walls (97, 98). However, the term “diabetic 

choroidopathy” was introduced in 1985 by Hidayat and Fine, who described the 

histopathological findings of a small cohort of end-stage, blind and painful diabetic eyes 

(97, 99). In this study, they described choriocapillaris dropout, luminal narrowing and 

basement membrane thickening with arteriosclerotic changes in some arteries (7, 99). They 

reported that a prominent PAS-positive basement membrane material tends to narrow and 

obliterate the capillary lumens throughout the choroid, with or without fibrosis (97, 99). 

Histopathological studies of eyes with Type 2 diabetes reported decreased alkaline 

phosphatase activity in the choriocapillaris, loss of viable endothelial cells, narrowing or 

even obstruction of the choroidal vasculature, choroidal aneurysms, degenerative changes 

in Bruch's membrane, and choroidal neovascularization (19, 100). Lutty et al. demonstrated 

that the decrease in the alkaline phosphatase enzyme activity is related to choriocapillaris 

loss in DC (101). They described capillary dropout at any stage of DR, even in eyes without 

retinopathy or mild signs (101). Combining their findings with the existing literature, Cao 

et al. hypothesized that the unexplained loss of visual acuity in diabetic patients, regardless 

of the absence of retinopathy, might be due to DC (6). 

These histopathological alterations appeared to have an inflammatory basis, with an 

increased expression of adhesion molecules and polymorphonuclear neutrophils (PMNs) (7, 

97). In the study of Lutty et al., PMN numbers were significantly increased in diabetic 

choroid compared to aged controls and they were often associated with areas of pathology 

like capillary loss and choroidal neovascularization (102).  The increased expression of 

adhesion molecules and delayed blood flow lead to leukostasis and subsequent mechanical 

occlusion of the capillary lumen, causing complete obliteration and vascular dropout (97, 

102, 103). Another possible hypothesis underlying the pathogenesis of diabetic 

choroidopathy involved nitric oxide (NO) and NO synthases (NOS) (97, 104). NO is a 

signaling molecule produced by the vascular endothelium and involved in several 

physiological functions, including vasodilatation and vascular permeability (97, 104). NOS 



19 
 

are a family of enzymes directly responsible for NO production. The nNOS and eNOS 

isoforms are directly involved in choroidal blood flow regulation (97, 104, 105).  A possible 

role of nNOS in diabetic choroidopathy was speculated by Sakurai et al., who found 

evidence of reduced choroidal nNOS expression 6 weeks after the onset of diabetes in their 

animal study (106). Choroidal nNOS is mainly expressed in the parasympathetic 

perivascular nerve fibers surrounding the choroidal arteries and veins, suggesting that 

diabetic choroidal microangiopathy may result from this imbalance (106).  

The histopathological findings correlate with the structural changes found in vivo 

examinations of the choroid. Weinberger et al. described lobular spotty hyperfluorescent 

and hypofluorescent areas ("salt and pepper" appearance) in patients with non-proliferative 

diabetic retinopathy (NPDR) using indocyanine green angiography (107). Shiragami et al. 

saw similar irregularities in diabetic subjects using ICG and the hypofluorescent spots were 

significantly associated with the severity of DR, while hyperfluorescent spots were 

significantly associated with elevated HbA1c level (108). Bischoff et al. found an irregular 

and delayed choroidal filling on ICG in most patients with PDR and about half of the 

patients with mild non-proliferative diabetic retinopathy (109).  Hua et al. considered the 

following parameters as potential ICG markers for the clinical definition of diabetic 

choroidopathy: early hypofluorescent spots, late-phase choroidal non-perfusion, inverted 

inflow phenomena, higher subfoveal choroidal thickness, and larger choroidal areas of 

nonperfusion (110). With using laser Doppler flowmetry, Schocket et al. described 

significantly reduced choroidal blood volume and blood flow in PDR (111). Another laser 

Doppler flowmetry study demonstrated a significant decrease in subfoveal choroidal blood 

flow in NPDR compared with control (112). The limitation on these studies is that CC flow 

can only be assessed in subfovea where there is no retinal vascular interference (7). 

Recent imaging studies using different types of OCT devices have focused on choroidal 

thickness changes in diabetes, but the results are contradictory (7, 8, 97).  
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1.3.1. CT in DM without DR  

When comparing CT between diabetic eyes without DR and controls, the results are 

controversial. With using EDI-OCT, some studies reported that there is no difference in CT 

between diabetic eyes without retinopathy and controls (Vujosevic et al., 17; Adhi et al., 

113), while others reported either a significant increase (Tavares Ferreira et al., 114) or, 

more commonly, a significant decrease (Kim et al., 14; Esmaeelpour et al., 18; Querques et 

al., 16). With using SS-OCT, Abadia et al. described the CT significantly thinner is patients 

with Type 2 DM compared to healthy controls (115). 

 

1.3.2. CT during DR progression and in diabetic macular edema  

A decrease in CT in diabetic eyes unrelated to the DR stage was reported in some studies 

with using EDI-OCT (Esmaeelpour et al., 18; Querques et al., 16) correlating diabetes with 

a smaller CT. In the EDI-OCT study by Regatieri et al., no difference in CT was found in 

eyes with non-proliferative diabetic retinopathy compared to healthy controls, but a 

decrease in CT was described in advanced stages of the disease, such as diabetic macular 

edema or proliferative diabetic retinopathy (15). Most authors related DME with decreased 

CT or decreased choroidal circulation using EDI-OCT (Regatieri et al., 15; Querques et al., 

16). However, this finding has not been confirmed in the studies of some other authors, 

who did not report an independent association between DME and CT (Vujosevic et al., 17; 

Esmaeelpour et al., 18). 

With using SS-OCT, Abadia et al. found that the CT in patients with moderate non-

proliferative diabetic retinopathy and DME was significantly thinner than in healthy 

subjects (115).  Wang et al. reported an increased CT in the early stage of DR and a further 

decrease with progression of DR. On the other hand, DME was not significantly associated 

with CT in their SS-OCT study (116). SS-OCT demonstrated a significant reduction of CT 

in PDR compared with controls in the study of Lains et al., and the choroid appeared to be 

thinner in DR eyes than in diabetic eyes without retinopathy (117). Seeing the results of the 

most recent studies, Campos et al. concluded in their review article, that the evidence seems 

to indicate that the choroid thins in diabetic eyes, but the correlation with the grade of DR 

or the presence of DME is still elusive (8). 
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1.3.3. The influence of treatment of DR on CT  

Panretinal photocoagulation (PRP) alters choroidal blood flow in patients with PDR and in 

most studies using EDI- or SS-OCT, it was associated with a decrease in CT long after the 

treatment (more than 3 months) (Kim et al., 14; Regatieri et al., 15; Eleiwa et al., 118). 

Nevertheless, several previous studies using Doppler flowmetry and EDI-OCT have 

reported significant increases in macular CT shortly after the laser treatment (1 week - 1 

month) (119, 120). It was hypothesized that this may be due to a local choroidal 

inflammatory reaction/obstruction induced by the laser treatment, with vasodilation and 

consequent increased choroidal blood flow being seen in the untreated macular areas 

shortly after treatment (119, 120).  

There seems to be plenty of agreement that the use of anti-VEGF agents to treat DME 

decreases CT (Kim et al., 14; Regatieri et al., 15; Lains et al., 121). In some studies, CT has 

been considered as a prognostic factor for the response to treatment, but the results are 

contradictory (8). Rayess et al. found that eyes with a thicker baseline CT had better short-

term anatomic and functional responses to intravitreal anti-VEGF pharmacotherapy (122). 

On the other hand, in the study of Savur et al., better visual gain was achieved in DME 

patients with thinner CT (123). 

In conclusion, there is a large body of evidence to suggest that the choroid may be affected 

by the treatment of DR (8). In their review article, Campos et al. concluded that the strength 

of a study evaluating CT could be in dealing with treatment naive eyes (8). 

 

1.4. Stromal cell-derived factor-1 and its role in the pathogenesis of DR 

 

Diabetic retinopathy and diabetic choroidopathy are specific microvascular complications 

of diabetes mellitus (2, 7). In addition to a variety of metabolic, environmental and other 

factors, several candidate genes have been suggested to be associated with the 

pathophysiology of DR (20, 21, 124).  
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Stromal cell-derived factor-1 is a highly active small chemokine that was originally isolated 

from murine bone marrow stromal cells (20, 125). The signaling pathway of SDF-1 and its 

receptor CXC chemokine 4 (CXCR4) has been implicated in angiogenesis, tumor growth, 

embryogenesis, and wound healing (20, 126). A growing body of experimental and clinical 

data suggest that SDF-1 plays an important role in the micro- and macrovascular 

complications of DM (26). In the recent CATIS trial, serum SDF-1 levels were 

independently associated with a higher cardiac autonomic neuropathy and cardiovascular 

risk score in diabetic patients, suggesting a causative interaction between plasma SDF-1 

levels and the development of cardiovascular events, including stroke, and decreased all-

cause mortality in diabetic patients (26).  

It was recently demonstrated, that SDF-1 could play a crucial role in the expression of 

vascular endothelial growth factor, which is the main effector of ocular neovascularization, 

and the key inducer of vascular permeability associated macular edema (29, 127).  In the 

study of Chen et al., the SDF-1 level in vitreous of PDR patients was significantly higher 

than that of patients operated on idiopathic macular hole (28). Butler et al. (25) and Brooks 

et al. (29) reported that the vitreous concentration of SDF-1 increased with various stages 

of macular edema with or without PDR. In the study of Meleth et al., SDF-1 levels 

measured in human serum were higher in patients with at least severe non-proliferative 

diabetic retinopathy than in patients with less severe diabetic retinopathy (128). 

There is emerging evidence indicating that variation in the human SDF-1 gene can have an 

influence on SDF-1 levels (129). SDF-1 has two transcriptional splice variants: sdf-1α and 

sdf-1β. The nucleotide transition G to A of the SDF-1-3′ is located at nucleotide position 

801 of the sdf-1β transcript (130, 131). SDF-1 (c801AA) homozygosity is associated with 

higher SDF-1 production (130, 131). Djuric et al. reported that homozygous carriers of the 

SDF-1 (c801AA) genotype are more frequent in diabetic patients with proliferative 

retinopathy (33). Peng et al. found that the SDF-1 (c801AA) genotype was ten times more 

common in Taiwanese patients with NPDR or PDR than in patients without DR (20). They 

concluded, that genetic analysis of the SDF-1 polymorphism may be suggested for DR 

individuals (20). 
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Previously, the choroid has been largely ignored as a potential source of growth factors (5). 

In recent years, several studies demonstrated the choroidal synthesis of growth factors 

involved in angiogenesis, such as vascular endothelial growth factor, basic fibroblast 

growth factor and hepatocyte growth factor (132, 133). In the study of Bhutto et al., SDF‐1 

appeared to be constitutively produced by RPE and was also present in the choroidal stroma 

of all subjects.  They hypothesized that an increase in circulating CXCR4 cells during 

inflammatory processes leads to an accumulation of these cells in RPE / Bruch's membrane 

/ choriocapillaris complex and then, these ocular infiltrated inflammatory cells may produce 

angiogenic factors that play a role in the formation of CNV in age-related macular 

degeneration (134). Regarding the molecular mechanism of choroidal neovascularization in 

diabetes and its relationship to SDF-1, we only have animal studies (135, 136). Gao et al. 

found that hyperglycemia promotes the vasculogenesis in CNV, which might be triggered 

by VEGF and SDF-1 production (135).   

To the best of our knowledge, the relationship between choroidal microvascular changes in 

diabetes and SDF-1 has not been investigated yet. 
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2. Objectives 

 

Our research aimed to measure choroidal thickness in diabetic patients using the latest 

generation SS-OCT and to correlate it to the presence, the severity and the therapy of DR 

and to the metabolic status. We also investigated the association between the SDF-1-3′ 

(c801G > A) gene variant with choroidal thickness parameters. 

 

2.1. Choroidal thickness changes in non-treated eyes of patients with diabetes mellitus 

In this study we investigated the CT of diabetic subjects, by observing CT changes in 

different stages of the natural course of the disease. We investigated the association of 

CT and diabetes or the severity of DR in treatment naive eyes. We also evaluated the 

influence of systemic risk factors (type and duration of DM, HbA1c level, hypertension) 

on choroidal thickness values. 

 

2.2. Choroidal thickness changes in patients with treated diabetic retinopathy 

To measure CT in diabetic eyes and to correlate it with the therapy (panretinal 

photocoagulation) of diabetic retinopathy.  

 

2.3. Association of SDF-1-3′ gene variant with diabetic retinopathy  

This study investigated the SDF-1-3’ variant in diabetic patients to assess its relevance in 

the development of DM-associated PDR and DME. Furthermore, the association 

between SDF-1-3’ variant and retinal and choroidal thickness parameters was also 

evaluated after adjustment for known (metabolic or environmental) risk factors. 
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3. Methods  

 

The study was conducted in accordance with the tenets of the Declaration of Helsinki and 

the applicable national and local ethics committee and institutional review board 

requirements. Ethical approval was obtained from the Institutional Review Board 

(Semmelweis University Regional and Institutional Committee of Sciences and Research 

Ethics, TUKEB 839/PI/010). Written informed consent was obtained before the 

examination from each patients. 

Key materials and methods information based on the researches of our study group 

published earlier (137, 138, 139). 

 

3.1. Study participants 

Patients were recruited from the Ophthalmological Department of Semmelweis University 

Budapest, from June 2015 to June 2017.  

 

3.1.1. Choroidal thickness changes in non-treated eyes of patients with diabetes 

Inclusion criteria: All patients with confirmed diabetes were enrolled regardless of the 

presence or absence of any signs of DR. The diagnosis of Type 1 and Type 2 diabetes was 

based on the criteria from the American Diabetes Association (140).  

The control group included patients without diabetes who had no other systemic diseases. 

Exclusion criteria: Patients with corneal or vitreal opacity, uveitis, degenerative, 

vasoocclusive retinal disease or dystrophy were excluded. A history of refractive error 

equal to or greater than ± 3 diopters and evidence of glaucoma were also exclusion criteria. 

Eyes with a history of any type of intraocular surgery (except cataract surgery), any 

previous pharmacologic intravitreal or subtenon treatment and any type of retinal laser 

therapy (panretinal or macular grid photocoagulation) were also rejected, because of the 
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modifying effect of these treatment modalities on retinal and choroidal thickness values 

(118 – 123). 

 

3.1.2. Choroidal thickness changes in patients with treated diabetic retinopathy 

Inclusion criteria: All patients with confirmed diabetes were enrolled regardless of the 

presence or absence of any signs of DR. The diagnosis of Type 1 and Type 2 diabetes was 

based on the criteria from the American Diabetes Association (140).  

The control group included patients without diabetes who had no other systemic diseases. 

Exclusion criteria: Patients with corneal or vitreal opacity, uveitis, degenerative, 

vasoocclusive retinal disease or dystrophy were excluded. A history of refractive error 

equal to or greater than ± 3 diopters and evidence of glaucoma were also exclusion criteria. 

Eyes with a history of any type of intraocular surgery (except cataract surgery) and any 

previous pharmacologic intravitreal or subtenon treatment were also rejected. In this study, 

we divided our patients with proliferative diabetic retinopathy into two subgroups - eyes 

that had not yet received any treatment and eyes that had been treated with panretinal 

photocoagulation for proliferation - to study the long-term effect of PRP on choroidal 

thickness. In all treated eyes included in the study, the laser treatment preceded the OCT 

examination by at least 3 months, due to the transient choroidal thickening directly 

associated with photocoagulation, as reported in the literature earlier (119, 120). 

 

3.1.3. Association of SDF-1-3′ gene variant with diabetic retinopathy  

Inclusion criteria: All patients with any signs of diabetic retinal microvascular 

complications were included in the study. 

Exclusion criteria: Patients with a history of previous intraocular surgery, ocular trauma, or 

any other retinal or neurological disease, intraocular inflammation, or tumor were excluded 

from the study. Patients with prior anti-VEGF or laser treatment for DME or PDR were also 
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excluded. The control group consisted of randomly selected sex- and age-matched 

unrelated volunteers who were referred for spectacle prescription or general routine eye 

care. All cases and controls were Caucasian and Hungarian. The inclusion and exclusion 

criteria were the same for the DM and sex- and age-matched control groups, except that 

patients in the control group had no evidence of DR. 

 

3.2. Clinical history and laboratory parameters 

Clinical data, anthropometric data, together with patient’s and family history, duration of 

diabetes were recorded. Blood hemoglobin A1c level was measured at the beginning of the 

study. Additionally, antihypertensive treatment was recorded and patients were considered 

to suffer from hypertension if they were treated for the disease. 

 

3.3. Ophthalmological examination 

After autorefractometry examination, best corrected visual acuity was measured with a 

Snellen chart. Each subject underwent a slit-lamp examination, a Goldmann applanation 

tonometry and a dilated fundus examination with a 90D lens biomicroscopy. Diagnostic 

and staging criteria of DR were applied according to the guidelines of Early Treatment 

Diabetic Retinopathy Study (ETDRS) (141). We divided our diabetic patients into three 

groups - no DR, non-proliferative retinopathy and proliferative retinopathy - and recorded 

the presence of diabetic macular edema. DME was determined by the presence of any 

retinal thickening (confirmed on SS-OCT) or hard exudates in the posterior pole on 

biomicroscopy (141, 142). PDR was identified if any signs of neovascularization were 

detectable on fundus biomicroscopy with or without vitreous hemorrhage (141). 

Fluorescein angiography was performed in ambiguous cases (143).  
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3.3.1. Choroidal thickness measurement using SS‑OCT 

All enrolled eyes were examined with swept-source OCT (DRI OCT Triton, Topcon Co., 

Tokyo, Japan) using a light source of a wavelength-sweeping laser centered at 1050 nm 

with a 1000-Hz repetition rate and producing images of tissue with an axial resolution of 

5.3 μm (144, 145).  Most of the examinations were performed by the author. After pupil 

dilatation with 0.5% tropicamide and 0.5% phenylephrine, a three-dimensional (3D) 

macular volumetric raster scan protocol (consisting of 512 A-scans and 256 B-scans) was 

performed to acquire retinal and choroidal thickness map in the macular region (12 × 9 

mm) with a central fixation. CT was defined as the distance between the outer border of the 

retinal pigment epithelium and the chorio-scleral interface, determined by an automated 

built-in calibration software (3D Macular Volumetric Raster Scan Protocol, Triton software 

version 3) (146). In each image of the 3D data set, lines of both RPE and the chorio-scleral 

border were reviewed manually by two trained observers to avoid automated segmentation 

errors. After the retinal and choroidal thickness map was obtained, a grid (6 × 6 mm) used 

by the ETDRS study was applied to the map to automatically calculate the CT values for 

each sectors (141, 144). The grid was subdivided into nine sectors: with the inner ring 

being 1–3 mm and the outer ring being 3–6 mm from the foveal center. The rings were 

segmented into four quadrants (superior, inferior, nasal and temporal). The central sector 

was defined as being within 1000 μm of the center of the fovea and registered as central 

subfoveal choroidal thickness (CSCT) (Figure 5) (144, 146). Mean whole macular 

choroidal thickness was calculated by averaging the CT values in all the nine ETDRS 

sectors. To exclude the diurnal variation of CT, the OCT examinations were always 

performed in the morning around 10 a.m. (96). 

At the same time, central retinal thickness (CRT) was also measured in all participants. 
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Figure 5: Image of the retina and the choroid (a) and a normal choroidal thickness map (b) 

by swept-source optical coherence tomography (DRI OCT Triton, Topcon Co., Tokyo, 

Japan). Own image, published in (137). 

 

3.4. Deoxyribonucleic acid (DNA) extraction and genotyping 

Blood samples remaining after the routine examination were used for genotyping. Genomic 

DNA was extracted from whole blood using the QIAamp Blood Mini kit (Qiagen, Hilden, 

Germany). Genotyping of the SDF-1-3’ (c801G > A) variant was performed as follows: 

DNA fragments were amplified in a reaction mix containing 10% buffer, 2 MgCl2, dNTP, 

sdf-1 specific primers (F: CAGTCAACCTGGGCAAAGCC, R: 

CCTGAGAGTCCTTTTGCGGG) and recombinant Taq polymerase (Invitrogen, Budapest, 

Hungary), using the following PCR conditions: initial denaturation at 94 ◦C for 5 minutes, 

followed by 35 cycles of denaturation at 94 ◦C for 1 minute, annealing at 55 ◦C for 1 minute 

and extension at 72 ◦C for 1 minute, ending with a final extension at 72 ◦C for 5 minutes 

and cooling to 4 ◦C in a Perkin-Elmer Thermo Cycler (PE, Model 2400; Norwalk, CT, 

USA). The PCR products were digested with Msp1 (Sigma Chemical Co., Budapest, 

Hungary) at 37 ◦C for 4 hours. The cleavage products were electrophoresed on a 3% 

agarose gel and stained with GelRed™ (Biotium, CA, USA). 
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3.5. Statistical analysis 

 

3.5.1. Choroidal thickness changes in non-treated eyes of patients with diabetes 

Statistical analysis was performed with SPSS (Statistical Package for the Social Sciences) 

software (version 23.0, IBM Inc., Chicago, IL, USA). The repeated measures analysis of 

variance test (rANOVA) was used to analyze the differences between the study groups. The 

effect of predisposing factors on CT and DR stage was assessed by univariable and 

multivariable regression analysis using general estimating equation (GEE). Both rANOVA 

and GEE allow adjustment for within-subject correlation of parameters (right eye vs. left 

eye) by taking into account between-eye correlations. In addition, the inclusion of the most 

relevant systemic risk factors as covariates into GEE models permits one to simultaneously 

control for their effect on the dependent variables simultaneously. Model fit was assessed 

by the QICC (Corrected Quasi Likelihood under Independence Model Criterion) value. For 

the predictive models, we divided the available data into separate partitions randomly and 

developed our models on one of these partitions and used the other for predictive model 

assessment. We used a random partition to generate a training set (40% of eyes) and a test 

set (60% of eyes), the latter of which was used for calculating predicted probability of 

developing DR as a function of age. Data are expressed as mean ± SD (standard deviation); 

the significance level was set to p < 0.05. 

 

3.5.2. Choroidal thickness changes in patients with treated diabetic retinopathy 

Statistical analysis was performed with SPSS software (version 23.0, IBM Inc., Chicago, 

IL, USA). The repeated measures analysis of variance test (rANOVA) followed by Tukey's 

post hoc test was used to analyze the differences between the study groups, as the repeated 

measures tests allow us to take into account for the correlation between the data from the 

two eyes of the same individual. Data are expressed as mean ± SD (standard deviation); the 

significance level was set to p < 0.05. 
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3.5.3. Association of SDF-1-3′ gene variant with diabetic retinopathy  

Statistical analysis was performed using SPSS software (version 21.0, IBM Inc., Chicago, 

IL, USA). The Shapiro-Wilk test was used for normal distribution, and parametric or non-

parametric statistical tests were used to compare data from the two study groups. We 

calculated allele and genotype frequencies in patients and healthy controls through direct 

counting. The Hardy-Weinberg equilibrium was assessed for both variants in diabetic and 

control subjects by comparing the observed and expected frequencies of the genotypes 

using chi-squared analysis. To determine the effect of the SDF-1-3’ gene variant among 

multiple predictors on the development of DME or PDR, multivariable regression analyses 

were performed using binomial logistic regression models, adding duration and type of 

DM, hypertension and HbA1c level as covariates to adjust for their effect on the 

development of DME or PDR. Kaplan-Meier life table analysis was used to construct 

curves for the time to onset of diabetic macular edema, and the log-rank test was used to 

compare their distribution. The significance level was set at p < 0.05 for all statistical 

analyses. 
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4. Results  

Key results information based on the researches of our study group published earlier (137, 

138, 139). 

 

4.1. Choroidal thickness changes in non-treated eyes of patients with diabetes  

 

4.1.1. Baseline characteristics 

A total of 96 eyes from 48 patients with diabetes and 46 eyes from 23 healthy controls were 

included in the study. Eighteen patients (38%) had Type 1 DM (T1DM) and 30 patients 

(62%) had Type 2 DM (T2DM). Baseline demographic and clinical characteristics of 

enrolled patients are summarized in Table 1. 

 

Table 1: Baseline characteristics of enrolled patients (DM: diabetes mellitus; M: male; F: 

female; HbA1c: hemoglobin A1c; BCVA: best corrected visual acuity, VA: visual acuity), 

published in (137). Note: data are mean ± standard deviation. 

 Control patients 

(n = 23) 

Patients with diabetes 

(n = 48) 

p value 

Gender (M/F) 8/15 22/26 > 0.05 

Age (years) 59.8 ± 16.78 58.75 ± 13.74 > 0.05 

Duration of DM (years) - 17.73 ± 9.61 - 

HbA1c (%) - 7.64 ± 1.11 - 

HbA1c (mmol/mol) - 61 ± 12 - 

Hypertension, yes/no (%) 9/14 (40%) 37/11 (78%) < 0.001 

BCVA (Snellen VA ratio)  0.78 ± 0.32 0.51 ± 0.37 < 0.001 
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4.1.2. Comparison of choroidal thickness in patients with diabetes and controls 

The mean CT in the central subfoveal region was 244.45 ± 64.79 μm in patients with 

diabetes and 278.32 ± 82.67 μm in controls. In the whole analyzed area, mean CT was 

225.09 ± 60.32 μm in diabetic and 258.89 ± 73.75 μm in control eyes. Table 2 shows mean 

CT in the different ETDRS subfields. A significantly thinner CT was measured in patients 

with diabetes in the central subfoveal region (p = 0.009) as well as in the whole macular 

area (p = 0.005).  

Next, when comparing between-eye asymmetry in the two study groups by calculating the 

difference in CT values from eyes of the same subject, we found no difference between the 

diabetic and the control group (30.63 ± 33.69 vs. 27.76 ± 30.91 μm). 

 

Table 2: Mean choroidal thickness in the different Early Treatment Diabetic Retinopathy 

Study subfields and mean whole macular choroidal thickness (ETDRS: Early Treatment 

Diabetic Retinopathy Study), published in (137). Note: data are mean ± standard deviation. 

Subfield / ETDRS grid sector 

Control eyes 

(n = 46) 

Diabetic eyes 

(n = 96) 

p value 

Central subfoveal (µm) 278.32 ± 82.67 244.45 ± 64.79 0.009 

Inner ring (µm) 264.44 ± 70.59 229.11 ± 64.18 0.004 

Outer ring (µm) 233.92 ± 73.04 201.71 ± 58.59 0.006 

Mean whole macular choroid (µm) 258.89 ± 73.75 225.09 ± 60.32 0.005 

 

4.1.3. Systemic factors and choroidal thickness in the diabetic group 

In univariable regression models, age, gender, hypertension and the duration of diabetes 

were significantly correlated with CT (Table 3). 
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Table 3: The effect of systemic factors on choroidal thickness in univariable regression 

models (CT: choroidal thickness; F: female; M: male; DM: diabetes mellitus; T1DM: Type 

1 diabetes mellitus; T2DM: Type 2 diabetes mellitus; HbA1c: hemoglobin A1c; CL: 

confidence level), published in (137). 

 Beta 

(ß) 

Lower CL 95 

(%) 

Upper CL 95 

(%) 

p value 

Central subfoveal CT  

Age (years) -0.54 -0.69 -0.38 < 0.001 

Gender (F vs. M)  0.26  0.08  0.44    0.005 

Duration of DM (years) -0.22 -0.39 -0.04    0.02 

Hypertension (yes vs. no) -0.29 -0.47 -0.12    0.001 

Type of DM (T1DM vs. 

T2DM) 

 0.15 -0.05  0.36 > 0.05 

HbA1c (%; mmol/mol) -0.11 -0.29  0.07 > 0.05 

Mean whole macular CT    

Age (years) -0.56 -0.71 -0.41 < 0.001 

Gender (F vs. M)  0.25  0.07  0.43    0.007 

Duration of DM (years) -0.21 -0.39 -0.03    0.02 

Hypertension (yes vs. no) -0.32 -0.49 -0.14    0.003 

Type of DM (T1DM vs. 

T2DM) 

 0.17 -0.03  0.37 > 0.05 

HbA1c (%; mmol/mol) -0.04 -0.23  0.14 > 0.05 
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Aging showed significant negative correlation with CT in the central subfoveal region (p < 

0.001) as well as in the whole analyzed area (p < 0.001, Table 3). On average, the mean 

decrease in CT was 26 μm/10 years in the central subfoveal region, and 25 μm/10 years in 

the whole macular area. Male subjects proved to have a significantly thinner choroid than 

females had (Table 3): the mean difference was 34.6 μm (95% CI 10.76–58.46 μm) in the 

central subfoveal region and 30.7 μm in the whole analyzed area (95% CI 8.56–52.79 μm). 

Hypertension was also found to associate significantly with a decreased CT in patients with 

diabetes in the whole analyzed area (Table 3). In the central subfoveal region mean CT was 

232.75 ± 59.4 μm in patients with HT, and 268.96 ± 69.63 μm in patients without HT (p = 

0.001). The mean CT in the whole macular area was 205.2 ± 56.85 μm in patients with HT 

and 248.71 ± 61.36 μm in patients without hypertension (p < 0.001). 

Duration of diabetes was significantly correlated with a reduction of choroidal thickness in 

the whole analyzed area (Table 3). The mean decrease in CT was 15 μm/10 duration years 

in the central subfoveal region and 13 μm/decade in the whole macular area. 

There was no significant difference in central subfoveal and mean overall CT between 

patients with Type 1 and Type 2 DM (p > 0.05). The mean CT in the central subfoveal 

region was 255.91 ± 73.52 μm in patients with T1DM and 235.53 ± 56.2 μm in patients 

with T2DM. In the whole macular area, mean CT was 236.7 ± 76.94 μm in patients with 

T1DM and 216.06 ± 50.68 μm in patients with T2DM. The type of DM did not correlated 

significantly with CT (p > 0.05) (Table 3).  

The level of HbA1c proved not to be associated significantly with CT (Table 3). 

During simultaneous analysis of the effect of systemic factors on CT in multivariable 

regression models, the duration of diabetes was significantly negatively associated with a 

decreased CT both in the central subfoveal region (β -0.16, p = 0.03) and in the whole 

analyzed area (β -0.19, p = 0.01), after adjusting for the effects of age, gender, 

hypertension, type of DM and HbA1c level. 
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4.1.4. Choroidal thickness and severity of diabetic retinopathy 

As detailed above, in patients with diabetes eyes were grouped according to DR stage: no 

DR (n = 17), NPDR (n = 18), NPDR + DME (n = 45) and PDR (n = 16). Patients with 

DME only graded NPDR in this study. 

According to analysis of variance, there was a significant difference among means of 

choroidal thickness in different stages of DR (p = 0.002), with thinner CT in cases with 

more advanced DR (Table 4). However, post hoc analysis using the Newman–Keuls test 

identified significantly different means of CT only in eyes without retinopathy vs. eyes with 

proliferative retinopathy (p < 0.001, Table 4). There was no significant difference in CT 

values between eyes with NPDR + DME compared to the other groups without DME with 

post hoc analysis (p > 0.05, Table 4). 

 

Table 4. Choroidal thickness in the ETDRS subfields in different stages of DR (ETDRS: 

Early Treatment Diabetic Retinopathy Study, DR: diabetic retinopathy, NPDR: 

nonproliferative diabetic retinopathy, DME: diabetic macular edema, PDR: proliferative 

diabetic retinopathy), published in (137). Note: data are mean ± standard deviation; p 

values were calculated using analysis of variance (ANOVA) test; : p < 0.001, compared to 

eyes with no DR using post-hoc analysis with Newman-Keuls test. 

Subfield / 

ETDRS grid 

sector 

Eyes with 

no DR 

(n = 17) 

Eyes with 

NPDR 

without 

DME 

(n = 18) 

Eyes with 

NPDR with 

DME 

(n = 45) 

Eyes with 

PDR 

(n = 16) 

p value 

Central 

subfoveal, 

(µm) 

294.48 ± 

66.6 

257.22 ± 

74.31 

236.78 ± 

52.73 

218.67 ± 

58.88 
0.002 

Inner ring, 

(µm) 

282.08 ± 

60.07 

251.34 ± 

74.87 

225.59 ± 

54.15 

187.2 ± 

42.95 
< 0.001 

Outer ring, 

(µm) 

255.89 ± 

53.09 

219.68 ± 

62.99 

197.54 ± 

48.53 

166.51 ± 

48.81 
< 0.001 
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In predictive multivariable logistic regression analysis, CT < 225 μm was a significant 

predictor of the presence of DR in the central subfoveal region (odds ratio (OR) = 5.27; p = 

0.02) and likewise in the whole analyzed area (OR 4.97; p = 0.04), after adjusting for the 

effects of age, gender, disease duration and hypertension. Figure 6 shows the predicted 

probability plot of the presence of DR in patients with a CT < 225 μm compared to those 

with a CT > 225 μm, after adjusting the effects of the aforementioned risk factors. 

 

 

Figure 6: Probability curves for the development of diabetic retinopathy as a function of 

age in eyes with choroidal thickness less than 225 μm (n = 36) vs. CT more than 225 μm (n 

= 23) from the test set (37 eyes), after adjusting for the effects of age, gender, disease 

duration and hypertension (DRP: diabetic retinopathy, CT: choroidal thickness). Lines 

represent logarithmic fit. Own representation, published in (137). 
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4.2. Choroidal thickness changes in patients with treated diabetic retinopathy 

 

4.2.1. Baseline characteristics 

A total of 117 eyes of 60 diabetic patients and 45 eyes of 24 healthy controls were 

analyzed. 3 eyes from the diabetic and 3 eyes from the control group were excluded from 

the study due to the compliance with exclusion criteria. Data from 42 males (31 diabetics 

and 11 controls) and 42 females (29 diabetics and 13 controls) were included in the study; 

24 (40%) of our diabetic patients had Type 1 DM, while 36 (60%) had Type 2 DM. 

Baseline demographic and clinical characteristics of enrolled patients are summarized in 

Table 5. 

 

Table 5. Baseline characteristics of enrolled patients (DM: diabetes mellitus; M: male; F: 

female; HbA1c: hemoglobin A1c; BCVA: best corrected visual acuity, VA: visual acuity), 

published in (138). Note: data are mean ± standard deviation. 

 Eyes with diabetes 

(n = 117) 

Control eyes 

(n = 45) 

p value 

Gender (M/F) 58/59 24/21 > 0.05 

Age (years) 59.26 ± 13.86 59.8 ± 16.78 > 0.05 

Duration of DM (years) 18.43 ± 12.13  - 

HbA1c (%) 8.21 ± 1.01 5.42 ± 0.37 < 0.0001 

Hypertension, yes/no (%) 83/34 (71) 18/27 (40) < 0.05 

BCVA (Snellen VA ratio) 0.44 ± 0.22 0.78 ± 0.32 < 0.0001 
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4.2.2. Choroidal thickness association with the severity and the therapy of diabetic 

retinopathy 

As detailed above, in patients with diabetes eyes were grouped according to DR stage: no 

DR (n = 18), NPDR (n = 62) and PDR (n = 37). Of the 37 eyes with proliferative 

retinopathy included in the study, 16 had not yet received any treatment and 21 had been 

treated with panretinal photocoagulation at least 3 months prior to the study. Central 

subfoveal and mean whole macular CT were found to be significantly lower in patients 

with PDR and in those who had been treated with PRP compared those diabetic patients 

who had no signs of neovascularization (no DR + NPDR group) (Table 6). DME was 

detected in 60 eyes (51%). There was no significant difference in CT values between eyes 

with DME compared to the other patients without DME (p > 0.05, Table 6). 

 

Table 6. Central subfoveal and mean whole macular choroidal thickness based on the 

presence of proliferative retinopathy and diabetic macular edema (CT: choroidal thickness, 

PRP: panretinal photocoagulation), published in (138). Note: data are mean ± standard 

deviation.  

 Central subfoveal 

CT, µm  

p 

value 

Mean whole 

macular CT, µm   
p value 

Diabetic 

macula 

edema  

No (n = 57) 260.15 ± 92.38 - 243.3 ± 19.57 - 

Yes (n = 60) 240.37 ± 73.23 
> 

0.05 
222.48 ± 20.35 > 0.05 

Proliferative 

diabetic 

retinopathy 

No (n = 80) 264.54 ± 60.54 - 249.39 ± 23.32 - 

Yes (n = 37) 229.94 ± 81.02 0.01 213.15 ± 20.18 < 0.001 

PRP-treated (n = 

21) 
221.13 ± 68 0.007 208.18 ± 21.12 < 0.001 
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4.3. Association of SDF-1-3′ gene variant with diabetic retinopathy  

 

4.3.1. Patient characteristics 

The baseline characteristics and the central subfoveal retinal and choroidal thickness values 

of the various diabetic and control groups are presented in Table 7.  

 

Table 7. Laboratory parameters and retinal and choroidal thickness values in the central 

subfoveal area of the control and the diabetic groups (M: male, F: female, PDR: 

proliferative diabetic retinopathy, DME: diabetic macular edema, DM: diabetes mellitus, 

HbA1c: hemoglobin A1c, CRT: central retinal thickness, CSCT: central subfoveal choroidal 

thickness, T1DM: Type 1 diabetes mellitus, T2DM: Type 2 diabetes mellitus, NA: not 

applicable), published in (139). Note: data are mean ± standard deviation. The Student t-test 

is for continuous variables, and the Chi-square test is for categorical variables.  

Variables  

 

Controls 

(n = 31) 

 

T1DM 

(n = 28) 

 

T2DM 

(n = 75) 

 

p value 

(T1 vs. 

T2DM) 

 

p value 

(DM vs. 

control) 

Age (years)  61.0 ± 15.0 52.7 ± 18.0 64.6 ± 9.76 0.001 0.63 

Gender 

(M/F)  

13/24 13/15 37/38 0.698 0.06 

PDR, yes/no 

(eyes)  

NA 19/28 40/75 0.015 NA 

DME, yes/no 

(eyes)  

 

NA 14/28 30/75 0.295 NA 

DM 

duration 

(years) 

NA 25.3 ± 12.3 16.6 ± 8.12 0.011 NA 
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Variables  

 

Controls 

(n = 31) 

 

T1DM 

(n = 28) 

 

T2DM 

(n = 75) 

 

p value 

(T1 vs. 

T2DM2) 

 

p value 

(DM vs. 

control) 

HbA1C 

(mmol/L)  

<6.5 8.07 ± 1.51 7.59 ± 1.73 0.307 NA 

Hypertension, 

yes/no   

11/31 20/28 75/75 0.007 <0.001 

CRT (µm)  270 ± 49.8 277 ± 95.9 362 ± 188 0.006  0.02 

CSCT (µm)  249 ± 109 245 ± 67.2 225 ± 80.9 0.23 0.09 

 

 

4.3.2. Genotype distribution in diabetic and control patients 

Hardy-Weinberg’s criteria were fulfilled in all groups. Table 8 summarizes the genotype 

frequencies of SDF-1-3’ (c801G > A) in the diabetic and control groups. The distribution of 

heterozygous and homozygous SDF-1-3′ (c801G > A) genotypes was similar in diabetic 

and control subjects. 

 

Table 8. SDF-1-3’ (c801G > A) genotype frequencies in control and diabetic patients (DM: 

diabetes mellitus), published in the study of our research group (139). Note: p-values were 

calculated using the Chi-squared test.  

Genotypes  AA AG + GG p - values 

Control patients (n = 31)  3 (9.7%) 28 (90.3%) 
0.99 

DM patients (n = 103)  10 (9.7%) 93 (90.3%) 

Genotypes AA + AG GG  

Control patients (n = 31) 11 (35.5%) 20 (64.5%) 
0.38 

DM patients (n = 103) 48 (46.6%) 55 (54.4%) 
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4.3.3. Association of retinal and choroidal thickness with SDF-1 (c801A) allele 

As shown in Figure 7, the central retinal thickness was significantly higher (p < 0.006), and 

central subfoveal choroidal thickness was lower in DM patients with the presence of the 

SDF-1 (c801A) allele (p < 0.08). 

 

Figure 7. Association of SDF-1-3′ A and G alleles with central retinal thickness and central 

subfoveal choroidal thickness. Representative images of two patients of our study cohort: 

image and layers of the retina and the choroid by swept-source optical coherence 

tomography (DRI OCT Triton, Topcon Co., Tokyo, Japan), representation and image of our 

study group, published in (138). Panel (A): A 55-year-old women with Type-1 diabetes 

mellitus without any sign of diabetic retinopathy or diabetic macula edema and standard 

choroidal thickness (CSCT = 301 µm); SDF-1 (c801G) genotype. Panel (B): A 64-year-old 

man with Type-1 diabetes mellitus, slight diabetic macular edema with thinner choroid 

(CSCT = 186 µm); SDF-1 (c801A) genotype. Note: p-values were calculated using the 

Kruskal–Wallis test. 
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As age-dependent thinning is a crucial factor in determining the role of the choroid in 

retinal pathologies (86 – 90), we also performed regression analysis. We found a significant 

correlation between age and central subfoveal choroidal thickness in diabetic and control 

subjects (Figure 8, left panel, p < 0.001, r = −0.57). Hypertension was also a significant 

predictor of central choroidal thinning in our DM patients (Figure 8, right panel, p < 0.05). 

 

 

Figure 8. Regression analysis between age and central subfoveal choroidal thickness in the 

diabetic and control study groups (left) and the effect of hypertension on choroidal 

thickness in the whole cohort (right), representation of our study group, published in (138). 

 

4.3.4. Genetic association with sight-threatening retinal complications 

Table 9 summarizes the SDF-1-3’ (c801G > A) genotypes in different severity groups of 

diabetic retinopathy. The SDF-1-3’ (c801G > A) variant was a significant predictor of DME 

in the multivariable regression model (OR: 2.48, 95% CL: 1.21–5.08; p = 0.01) after 

adjusting for the effect of risk factors for DME, such as the duration of DM, HbA1C level 

and hypertension (141, 142). In addition, the SDF-1-3’ (c801G > A) variant did not predict 

PDR in our cohort.   
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Table 9. SDF-1-3’ (c801G > A) genotype frequencies in the eyes of diabetic patients 

with/without DME or with/without PDR (DM: diabetes mellitus, PDR: proliferative 

diabetic retinopathy, DME: diabetic macular edema), published in the study of our research 

group (139). Note: p-values were calculated using the Chi-squared test. 

Genotypes AA + AG GG p - values 

DM eyes without PDR (n = 

117)  

60 (51.3%) 57 (48.7%) 

0.16 
DM eyes with PDR (n = 

89)  

36 (40.4%) 53 (59.5%) 

DM eyes without DME (n 

= 112)  

43 (38.4%) 69 (61.6%) 

0.01 
DM eyes with DME (n = 

94)  

53 (56.38%)  41 (43.61%) 

 

Kaplan-Meier analysis showed that DME occurs significantly earlier in patients carrying 

the SDF-1 (c801A) allele (log-rank test, p = 0.02). 
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5. Discussion  

 

In our prospective cross-sectional studies, we investigated the CT of diabetic subjects with 

SS-OCT, by observing CT changes in different stages of the disease. Furthermore, the 

association between SDF-1-3’ variant and choroidal thickness parameters, in addition its 

relevance in the development of DM-associated PDR and DME was also evaluated after 

adjustment for known (metabolic or environmental) risk factors (5, 8). Our results revealed 

that in treatment naive patients, DM itself and the severity of DR affects CT significantly. 

CT even proved to be an independent predictor of the presence of DR. To the best of our 

knowledge, our research was the first SS-OCT study describing this type of association 

between diabetic choroidopathy and DR (137). On the other hand, when we examined the 

association of SDF-1-3′ gene variant with diabetic retinopathy, our data suggested that the 

SDF-1 (c801A) variant is a relevant contributor to the development of DME. The binary 

logistic regression analysis, including the most studied influencing clinical parameters, 

suggested that this polymorphism remains a strong, independent, and predictive factor for 

the development of the disease. Finally, OCT measurements supported the association 

between genetic variants and macular retinal and choroidal pathologies (139).  

Previous studies have already described that physiological factors could be responsible for 

inter-individual variations in choroidal thickness, such as age, gender and axial length (81, 

86 – 90). In several studies, CT was also associated with systemic factors, such as 

hypertension, HbA1c level and duration of diabetes (147 – 151). The role of these factors 

(especially hypertonia and hyperglycaemia) in the pathogenesis of DR has also been 

studied extensively over the past 30 years (108). In healthy population, reduction of CT was 

reported significantly with aging (81, 87, 90).  Hypertension was found to be the other most 

prominent factor affecting the choroid (147, 148). Yilmaz et al. (147) and Papathanasiou et 

al. (148) described that choroidal thickness decreased in patients with systemic arterial 

hypertension compared to normotensive controls in their studies. Akay et al. hypothesized 

that this may be caused by arteriolar sclerosis and vascular contraction caused by high 

intravascular pressure in the choroid (71). In our diabetic study group, we also found 
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significant correlation between age, systemic arterial hypertension and a decreased CT 

using univariable regression models. The mean reduction in CT was 26 μm/10 years in the 

central subfoveal region and 25 μm/10 years in the whole macular area (137). The 

association of CT and disease duration has been evaluated by Abadia et al. (115), who 

found a weak negative correlation between Type 2 DM duration and CT in their total study 

group. In our patients with diabetes, the disease duration was significantly associated with a 

decreased CT (137). At the same time, in contrast to the publications of Ünsal et al. (149) 

and Kim et al. (14) - who found a negative correlation between the central CT and HbA1c 

levels - in our study, there was no significant correlation between HbA1c level and 

choroidal thickness. However, we used only one HbA1c level, measured at the time of the 

ophthalmological examination. Conflicting results concerning inter-sex differences in CT 

have been reported earlier (92 – 94). In our study, male subjects proved to have a 

significantly thinner choroid than females. When we considered the main acknowledged 

physiological and systemic risk factors influencing DR progression (age, disease duration, 

gender, HbA1c level and hypertension) (152), the duration of diabetes remained 

significantly negatively associated with a decreased CT (137). 

When investigating the association of CT and diabetes or the severity of DR in treatment-

naive patients, we found a significant reduction of CT with both the presence and the 

severity of the disease, even after adjusting for the effects of the confounding factors (137, 

152). CT changes with DR progression have been reported previously in several studies 

using different types of OCT devices, showing both choroidal thinning and thickening, as 

cited above (14 – 18, 113 – 117). 

One reason for these conflicting results could be the use of different types of measurement 

devices. SS-OCT allows increased precision in the visualization of the choroid–sclera 

boundary (notably in DME patients with thickened retinas) (145, 153). Moreover, with the 

use of automated measuring software, a more precise and reproducible CT mapping can be 

produced compared to EDI-OCT (12, 13). It is in light of this that we chose this innovative 

new device for our study. 
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Choroidal thickness can vary between individuals according to age, gender, and axial 

length, as cited above (81, 86-90). On the other hand, some systemic factors, such as 

hypertension, HbA1c level and duration of diabetes could also affect the CT parameters 

(147 – 151). At the intra-individual level, it is important to take into consideration, that 

choroidal thickness can fluctuate during the day (95, 96). Several studies have not 

accounted for the effect of these intra- and inter-individual confounders, which may be 

another reason for conflicting results in the evaluation of diabetic choroidopathy (8, 15, 18, 

97, 110, 122). Comparing to previous SS-OCT publications, one of the strengths of our 

study is the parallel evaluation of these influencing physiological and systemic factors. 

Furthermore, owing the effect of axial length to CT, patients with refractive error equal to 

or greater than ± 3 diopters were excluded from our study. Due to the diurnal variation of 

CT, the OCT examinations were always performed at the same period of the day in our 

research. 

Another explanation for the conflicting results could be the mixed cohorts of treated and 

non-treated eyes. Seeing the influence of panretinal photocoagulation, most authors 

described a decrease of CT more than 3 months after the treatment (14, 15, 118). 

Concerning the use of anti-VEGF agents to treat DME, choroidal thinning was found (14, 

15, 121). In the studies investigating the choroidal thickness in non-treated eyes of patients 

with diabetes and the association of SDF-1-3′ gene variant with diabetic retinopathy, we 

examined only treatment naive eyes, to avoid the effect of PRP or anti-VEGF treatment on 

CT values.  

In our study examining CT in non-treated eyes of patients with diabetes, a significantly 

thinner choroid was measured in patients with diabetes compared to healthy controls. 

Between-eye asymmetry was similar in the two study groups. There was no significant 

difference in CT values between patients with Type 1 and Type 2 DM. In addition, in the 

diabetic group, we found a significant difference among means of CT in different stages of 

DR, with significantly thinner CT in cases with proliferative retinopathy similar to earlier 

SD- and SS-OCT studies (16, 18, 115, 117). At the same time, CT proved to be an 

independent significant predictor of the presence of DR, even after controlling for the 
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effects of systemic risk factors. When we classified our patients with diabetes in two groups 

according to CT values in the whole macular region (CT < 225 μm and CT > 225 μm, as 

225 μm was found to be the mean whole macular CT in diabetic eyes), we found that 

patients with CT < 225 μm had a five times increased risk of developing DR than those 

with CT > 225 μm, independently of their age. Our results lead us to consider whether CT 

could be an important biomarker to identify the high-risk group of patients with diabetes 

with more rapid disease progression (137). 

It can be hypothesized that the underlying cause of our observations is a progressive 

reduction of choroidal blood flow and volume, coupled with progressive damage to the 

choriocapillaris layer; as was reported in diabetic eyes earlier in histopathological, 

angiographic and Doppler flowmetry studies (99 – 101, 107 – 112). Schocket et al. and 

Nagaoka et al. suggested that choroidal hypoperfusion might trigger the development of 

DR due to retinal tissue hypoxia and overexpression of VEGF (111, 112). In some 

histological and clinical publications, choriocapillaris degeneration or dropout was found to 

be associated with unexplained loss of visual acuity without any signs of clinical 

retinopathy (6, 101), but these layers are too small to be detected with cross-sectional OCT 

devices. The introduction of OCT angiography may allow a better understanding of the 

deeper retinal vascular network and the choriocapillaris layer (58, 79). Findings from 

various OCTA studies indicate a significant decrease in choriocapillaris perfusion 

parameters in diabetic patients without diabetic retinopathy compared to healthy individuals 

(154). Dai et al. reported a significant increase in the percentage and average size of 

choriocapillaris flow deficits in diabetic patients without DR (155). Zlatanović et al. 

demonstrated a significant reduction in choriocapillaris flow area and vascular density in 

diabetic patients without DR compared to healthy subjects (p < 0.001 for both) (156). 

However, some studies have claimed that diabetic patients without DR do not exhibit 

significant variations in choroidal vascular indices examining with OCTA (157, 158). 

Therefore, while OCTA can aid in the early diagnosis of choroidal microangiopathy, it is 

essential to emphasize that OCTA may have some limitations for detecting the choroidal 

vasculature including the reduced ability to visualize intervascular spaces within the 



49 
 

choriocapillaries, which could make it difficult to distinguish individual choriocapillaries 

(154, 159). Furthermore, with using en-face SS-OCT, loss of vessels in the Sattler’s layer, 

focal narrowing and vascular stumps in the Haller’s layer were also identified in diabetic 

patients (160, 161). Due to the limitations of current OCTA technologies in visualizing 

deeper choroidal layers, some authors have suggested that OCTA may not be the most 

suitable tool for detecting choroidal changes in patients with diabetes (155, 158). In our 

study, we were able to evaluate the whole macular choroidal structure using SS-OCT. 

Among the therapeutic options for diabetic retinopathy, we examined the effect of 

panretinal laser treatment on choroidal thickness in the second part of our study. Laser 

photocoagulation is an intervention that is commonly used to treat diabetic retinopathy, in 

which light energy is applied to the retina with the aim of stopping the growth and 

development of new blood vessels and thereby preserving vision (162). Panretinal 

photocoagulation alters choroidal blood flow in patients with PDR and in most studies 

using EDI-OCT, it was associated with a decrease in CT long after the treatment (more than 

3 months) (14, 15). During our literally search, we came across only one study using SS-

OCT: Eleiwa et al. found the decrease of average SFCT in severe NPDR and PDR 3 

months after PRP treatment (118). Zhang et al. formulated three hypotheses to explain the 

CT reduction long after PRP (163).  First, during photocoagulation, heat dissipates from the 

RPE and subsequent thermal damage spreads to the adjacent outer retina and choroid. This 

results in choroidal damage, which leads to failure of the choroidal vasculature to reperfuse 

or reorganise, manifesting as a reduction in choroidal thickness (163). The second 

hypothesis was that in addition to its damaging effect on the retinal pigment epithelium, 

PRP reduces vascular endothelial growth factor release. It is well known that VEGF has a 

crucial role in the function of human vascular tissues (including the choroid), maintaining 

the normal permeability of vascular tissues in adults (164). A decrease in secretion of 

VEGF after PRP may lead to a reduction in the dilation and permeability of the choroidal 

blood vessels (163). The third hypothesis was that after widespread destruction of the outer 

retina by the laser, the hypoxic inner retina may be closer to the choriocapillaris with its 

highly saturated choroidal circulation. This could lead to autoregulation and reduce 
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choroidal circulation (163). The results of our study, which showed a significant reduction 

in CT at least three months after laser treatment, are consistent with these hypotheses. 

However, there was no significant difference between patients with PDR and the PRP-

treated group in our study. Due to this outcome, we cannot rule out the influence of PDR on 

our results. 

When we investigated the association of SDF-1-3′ gene variant with diabetic retinopathy, 

we found that the SDF-1 (c801AA) genotype increases the risk of DME in diabetic patients. 

We also demonstrated a significant association between the SDF-1 (c801AA) genotype and 

the development of DME, independent of the duration or type of DM, or other systemic 

parameters such as HbA1c levels or hypertension, which factors could be relevant to the 

development of diabetic retinopathy (139, 152). Since changes in retinal thickness are also 

known biomarkers of DME progression and prognosis (142), we investigated the 

association of the SDF-1 (c801A) allele with central macular retinal thickness. We showed 

that the central macular retinal thickness was increased in patients carrying the SDF-1 

(c801A) allele (139). 

In addition to retinal thickening, central subfoveal choroidal thickness was thinner in our 

diabetic patients carrying the SDF-1 (c801A) allele; however, age and hypertension seemed 

to have a more significant predictive value for choroidal thinning (139). Regarding the 

relationship of choroidal structure and SDF-1, we only have in vitro studies (134, 135, 

136). To the best of our knowledge, our study was the first investigating the association 

between choroidal thickness changes in diabetes and SDF-1-3′ gene variant (139).   

The signaling pathway of SDF-1 and its receptor CXCR4 were demonstrated to have roles 

in different pathological and physiological mechanisms, including embryogenesis, wound 

healing, angiogenesis, tumor growth and proliferation (126). When SDF-1 binds to its 

receptor on the endothelial cells, it induces angiogenesis by releasing growth factors, such 

as VEGF or transforming growth factor beta (127, 165). In terms of ophthalmological 

complications - seeing the results of in vitro studies - SDF-1 is a potent stimulator of 

VEGF-mediated neoangiogenesis, which plays a crucial role in developing AMD or PDR 

and it could be a key inducer of vascular permeability associated with DME (25, 27-29, 
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134). In an animal study of Cai et al., the expression of SDF-1 and VEGF in RPE cells 

increased when cultured under high glucose. They suggested that hyperglycemia increases 

the expression of SDF-1 and VEGF in RPE cells, which play a role in formation of CNV 

(136). In the study of Brooks et al., both intravitreal VEGF and SDF-1 were significantly 

higher in patients with PDR than in patients with NPDR. Levels of SDF-1 were markedly 

increased in patients with DME compared with those without DME. Moreover, intraocular 

injection of triamcinolone acetonide resulted in dramatic reductions of VEGF and SDF-1 to 

nearly undetectable levels, eliminated DME, and caused regression of active 

neovascularization in their research (29). 

In our study, we found a strong correlation between DME and the SDF-1 (c801A) allele. 

Although there was no association with the development of PDR (139). As this correlation 

has already been published in T2DM patients in a recent Taiwanese study (20), we assume 

that the relatively small sample size or the inclusion of T1DM patients may explain the lack 

of significance and the discrepancy with literature (139). It should also be considered that 

our study population was white Caucasians of Hungarian ethnic origin. Therefore, the 

possibility of ethnicity as a confounding factor cannot be excluded (139). 

Incorporating our genetic findings into DME clinical practice, SDF-1-3′ (c801G > A) 

variant may be an ideal biomarker and also a future therapeutic target for high-risk diabetic 

retinopathy patients, especially those carrying the SDF-1 (c801A) allele (139). 

Furthermore, as was published in the CATIS study, elevated plasma SDF-1 was 

significantly associated with an increased risk of recurrent stroke and cardiovascular events 

in ischemic stroke patients with diabetes mellitus but not in those without DM (26). SDF-1 

antagonists may be helpful in the future, not only for ocular complications but also for the 

prevention of recurrent stroke, cardiovascular events, and all-cause mortality (26, 139). 

Regarding the molecular mechanism of choroidal changes in different diseases and their 

relationship to SDF-1, we only have in vitro studies (134-136, 165, 166). In postmortem 

eyes of patients with AMD, the presence of SDF-1 and CXCR4 was most prominent in 

RPE cells and choroidal stroma by immunolocalization (134). In the study of Jin et al., 

SDF-1 induced proliferation in the choroid-retinal endothelial cell line under hypoxic 
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conditions (166). In our study, the central subfoveal choroidal thickness was thinner in 

diabetic patients carrying the SDF-1 (c801A) allele (139). However, our results suggest an 

association between SDF-1-3′ (c801G > A) genetic variants and choroidal pathology, 

further investigations are needed to understand the role of the SDF-1 and CXCR4 signaling 

pathways in choroidal changes in diabetic patients.   

The principal strengths of our study - comparing to previous SS-OCT publications - are the 

investigation of treatment naive eyes, the parallel evaluation of the influence of systemic 

risk factors and the simultaneous analysis of both eyes of the same subject using marginal 

effects model, to take into account the correlation between the subject’s two eyes. 

It is evident that this study is not without limitations, including the small sample size and 

the inclusion of a mixed cohort of patients with Type 1 and Type 2 diabetes. The nature of 

the cross-sectional design of our study prevents cause-and-effect inference, meaning that 

our results cannot establish a clear causal relationship between the examined risk factors 

and choroidal thickness. In future, whenever possible, transversal matching should be 

replaced by longitudinal analysis. This requires a longer follow-up period but provides 

more information about the evolution of CT with DR or DME, while avoiding age-related 

changes and individual variability (8). Although SS-OCT technology was adopted in our 

study - which has higher resolution and more accuracy for CT measurement than EDI-OCT 

(12, 13) -, we used a grid only in 6 × 6 mm size to automatically calculate the CT values. A 

larger area may have provided more representative information about choroidal changes. 

On the other hand, the evaluation of choroidal thickness using different types of OCT 

devices has been proven to be affected by several intra- and inter-individual confounders, 

resulting in conflicting results in literature evaluating diabetic choroidopathy (14 – 18, 113 

– 117). In recent years, alternative indices obtained through post-processing imaging, such 

as choroidal vascularity index (CVI), choroidal vascularity density (CVD), and choroidal 

vascular volume (CVV), have been considered for investigating choroidal changes, 

particularly in the medium vessels of Sattler’s and the large vessels of Haller’s layer (97). 

CVI represents the proportion of luminal area, corresponding to the vascular component, 

over the total choroidal area (97, 167, 168). CVD can be calculated by binarizing the en-
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face swept-source OCT to enhance the visualization of the choroidal vasculature (97, 169). 

In contrast, CVV was calculated by multiplying the average CVD by the macular area and 

the maximal choroidal thickness (97, 169). Using these indices may improve the 

understanding of the relationship between the choroid and the pathophysiology of diabetic 

retinopathy in the future. In our SS-OCT device, using these indices was not yet available.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



54 
 

6. Conclusions  

 

We found that DM itself, in addition to the severity of DR, affects CT significantly in 

treatment-naive eyes; even after adjusting for the effects of confounding systemic risk 

factors. CT < 225 μm proved to be an independent predictor of the presence of DR. To the 

best of our knowledge, our study was the first describing this type of association between 

diabetic choroidopathy and diabetic retinopathy. Examining the choroidal thickness of 

diabetic patients may help ophthalmologists to identify the high-risk group of patients with 

more rapid disease progression.  

In the second part of our study, choroidal thinning was found to be correlated with the 

presence of PDR and the panretinal photocoagulation therapy for diabetic retinopathy. 

Evaluating the association of SDF-1-3′ gene variant with diabetic retinopathy, we found 

that SDF-1-3′ (c801G > A) is involved in the development of macular complications in DM 

independent of critical clinical factors, suggesting that SDF-1 may be a future therapeutic 

target for high-risk patients, especially those carrying the SDF-1 (c801A) allele. The central 

subfoveal choroidal thickness was lower in DM patients with the presence of the SDF-1 

(c801A) allele in our research. During our literally search, our study was found to be the 

first investigating the association between SDF-1-3’ variant and choroidal thickness 

parameters. 

Our results could confirm the importance of CT measurement in patients with diabetes. 

However, beyond the experimental and in vivo findings, the role of choroidal abnormalities 

in the pathogenesis of DR is not clearly defined. The majority of literature indicates that as 

the severity of the disease increases, there is also an observable decline in the choroidal 

microvasculature. This was also demonstrated in our study. Any change or damage of the 

choroid may affect the overlying retina. This can lead to hypoxia and the appearance of DR 

lesions, or the progression of existing retinopathy. However, it is not well known whether 

DR lesions are associated with reduced CT or whether CT decreases prior to the appearance 

of DR signs. To better understand the role of choroidal changes in the pathophysiology of 



55 
 

DR, further SS-OCT studies with a larger cohort and longer follow-up duration are 

warranted. Knowledge of the imaging features of the choroid is essential for creating an 

optimal model to study the exact pathogenic relationship and potential therapeutic 

implications. 

 

Summarizing our new results: 

1. Evaluating CT in treatment-naive eyes, CT < 225 μm proved to be an independent 

predictor of the presence of DR (137). 

2. When we considered the main acknowledged physiological and systemic risk 

factors influencing DR progression (age, disease duration, gender, HbA1c level and 

hypertension), the duration of diabetes remained significantly negatively associated 

with a decreased CT in treatment-naive eyes (137). 

3. When we investigated the association of SDF-1-3′ gene variant with sight-

threatening retinal complications, we found that SDF-1-3′ (c801G > A) is involved 

in the development of macular complications in DM independent of critical clinical 

factors (139). 

4. DME occurred earlier in patients carrying the SDF-1 (c801A) allele in our study 

(139). 

5. In addition to retinal thickening, central subfoveal choroidal thickness was thinner 

in our diabetic patients carrying the SDF-1 (c801A) allele (139). 
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7. Summary  

 

The growing number of people with DM worldwide has led to several problems. Diabetic 

retinopathy, a microvascular complication of DM is the leading cause of visual impairment 

in working-age adults in industrialized countries. The choroidal layer supplies blood to the 

outer layers of the retina and may play a key role in the pathophysiologic mechanism of 

DR. The most consequential changes of the choroid primarily impact the choriocapillaris 

layer, though they can also affect the larger vessels located in the outer choroidal layers. A 

better understanding of the morphology and function of this vascular structure could 

facilitate the management of DR and improve therapeutic decision-making in diabetic 

patients. Choroidal thickness has been found to be an important index for the quantification 

of choroidal structure. 

The first part of our study, we measured CT in treatment naive eyes of diabetic subjects 

with SS-OCT, which is a useful non-invasive device to evaluate CT parameters and 

correlated it to the presence and severity of DR. We found a significant reduction of CT 

with both the presence and the severity of the disease, even after adjusting for the effects of 

confounding systemic factors. Disease duration seemed to be associated with a reduction of 

choroidal thickness. Decreased CT proved to be correlated with the presence of DR. 

Our second objective was to correlate CT with the therapy of DR. Our results showed 

significantly lowered CT in patients with PDR and in patients at least 3 months after PRP 

treatment. 

Ultimately, we investigated the association between the SDF-1-3′ (c801G > A) variant and 

the development of DME or PDR. Central retinal and CT parameters were also measured in 

this part of our study. SDF-1-3’ (c801G > A) variant was found to be a relevant contributor 

to the development of DME, especially those carrying the SDF-1 (c801A) allele. Finally, 

OCT measurements supported the association between genetic variants and macular retinal 

and choroidal pathologies.  

Our findings provide further evidence to suggest that choroidal alterations may be a 

potential pathway in the pathogenesis of diabetic retinopathy. Further studies are required 

to clarify the exact mechanism behind these findings. 



57 
 

8. References 

 

1: Tóth G, Szabó D, Sándor GL, Szalai I, Lukács R, Pék A, Tóth GZ, Papp A, Nagy ZZ, 

Limburg H, Németh J. Diabetes and diabetic retinopathy in people aged 50 years and older 

in Hungary. Br J Ophthalmol. 2017;101(7):965-969. 

2: Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl J Med. 

2012;366(13):1227-39.  

3: Antonetti DA, Lieth E, Barber AJ, Gardner TW. Molecular mechanisms of vascular 

permeability in diabetic retinopathy. Semin Ophthalmol. 1999;14(4):240-8. 

4: Peng SY, Chen TC, Hsieh YT, Ho TC, Yang CM, Yang CH. Choroidal Changes in 

Patients with Diabetic Retinopathy: A Retrospective Study. Diagnostics (Basel). 

2024;14(5):537. 

5: Nickla DL, Wallman J. The multifunctional choroid. Prog Retin Eye Res. 

2010;29(2):144–168. 

6: Cao J, McLeod S, Merges CA, Lutty GA. Choriocapillaris degeneration and related 

pathologic changes in human diabetic eyes. Arch Ophthalmol. 1998;116(5):589-97. 

7: Lutty GA. Diabetic choroidopathy. Vision Res. 2017;139:161–167. 

8: Campos A, Campos EJ, Martins J, Ambrósio AF, Silva R. Viewing the choroid: where 

we stand, challenges and contradictions in diabetic retinopathy and diabetic macular 

oedema. Acta Ophthalmol. 2017;95(5):446-459. 

9: Xie R, Qiu B, Chhablani J, Zhang X. Evaluation of Choroidal Thickness Using Optical 

Coherent Tomography: A Review. Front Med (Lausanne). 2021;8:783519. 

10: Laviers H, Zambarakji H. Enhanced depth imaging-OCT of the choroid: a review of the 

current literature. Graefes Arch Clin Exp Ophthalmol. 2014;252(12):1871-83. 



58 
 

11: Ruiz-Medrano J, Flores-Moreno I, Pena-Garcia P, Montero JA, Duker JS, Ruiz-Moreno 

JM. Macular choroidal thickness profile in a healthy population measured by swept-source 

optical coherence tomography. Invest Ophthalmol Vis Sci. 2014;55(6):3532–3542. 

12: Copete S, Flores-Moreno I, Montero JA, Duker JS, Ruiz-Moreno JM. Direct 

comparison of spectral-domain and swept-source OCT in the measurement of choroidal 

thickness in normal eyes. Br J Ophthalmol. 2014;98(3):334-8. 

13: Zafar S, Siddiqui MA, Shahzad R. Comparison of choroidal thickness measurements 

between spectral-domain OCT and swept-source OCT in normal and diseased eyes. Clin 

Ophthalmol. 2016;10:2271-2276. 

14: Kim JT, Lee DH, Joe SG, Kim JG, Yoon YH. Changes in choroidal thickness in relation 

to the severity of retinopathy and macular edema in type 2 diabetic patients. Invest 

Ophthalmol Vis Sci. 2013;54(5):3378-84. 

15: Regatieri CV, Branchini L, Carmody J, Fujimoto JG, Duker JS. Choroidal thickness in 

patients with diabetic retinopathy analyzed by spectral-domain optical coherence 

tomography. Retina. 2012;32(3):563-8. 

16: Querques G, Lattanzio R, Querques L, Del Turco C, Forte R, Pierro L, Souied EH, 

Bandello F. Enhanced depth imaging optical coherence tomography in type 2 diabetes. 

Invest Ophthalmol Vis Sci. 2012;53(10):6017-24. 

17: Vujosevic S, Martini F, Cavarzeran F, Pilotto E, Midena E. Macular and peripapillary 

choroidal thickness in diabetic patients. Retina. 2012;32(9):1781-90.  

18: Esmaeelpour M, Považay B, Hermann B, Hofer B, Kajic V, Hale SL, North RV, Drexler 

W, Sheen NJ. Mapping choroidal and retinal thickness variation in type 2 diabetes using 

three-dimensional 1060-nm optical coherence tomography. Invest Ophthalmol Vis Sci. 

2011;52(8):5311-6.  

19: Melancia D, Vicente A, Cunha JP, Abegão Pinto L, Ferreira J. Diabetic choroidopathy: 

a review of the current literature. Graefes Arch Clin Exp Ophthalmol. 2016;254(8):1453-

1461. 



59 
 

20: Peng SY, Chuang CC, Hwang YS, Yen CH, Lee CY, Yang SF. Association of SDF-1 

and its receptor CXCR4 polymorphisms on the susceptibility of diabetic retinopathy in the 

Taiwanese population. Front Genet. 2023;14:1296773.  

21: Lin KY, Hsih WH, Lin YB, Wen CY, Chang TJ. Update in the epidemiology, risk 

factors, screening, and treatment of diabetic retinopathy. J Diabetes Investig. 

2021;12(8):1322–1325.  

22: Simó-Servat O, Hernández C, Simó R. Genetics in diabetic retinopathy: current 

concepts and new insights. Curr Genomics. 2013;14(5):289–299. 

23: Cho H, Sobrin L. Genetics of diabetic retinopathy. Curr Diab Rep. 2014;14(8):515. 

24: Aiuti A, Webb IJ, Bleul C, Springer T, Gutierrez-Ramos JC. The chemokine SDF-1 is a 

chemoattractant for human CD34+ hematopoietic progenitor cells and provides a new 

mechanism to explain the mobilization of CD34+ progenitors to peripheral blood. J Exp 

Med. 1997;185:111-120. 

25: Butler JM, Guthrie SM, Koc M, Afzal A, Caballero S, Brooks HL, Mames RN, Segal 

MS, Grant MB, Scott EW. SDF-1 is both necessary and sufficient to promote proliferative 

retinopathy.  J Clin Invest. 2005;115(1):86-93. 

26: You S, Chen H, Miao M, Du J, Che B, Xu T, Liu CF, Zhang Y, He J, Zhong X, Cao Y, 

Zhong C. Prognostic significance of plasma SDF-1 in acute ischemic stroke patients with 

diabetes mellitus: the CATIS trial. Cardiovasc Diabetol. 2023;22(1):274. 

27: Raffi S, Hessig B, Hattori K. Efficient mobilization and recruitment of marrow-derived 

endothelial and hematopoietic stem cells by adenoviral vectors expressing angiogenic 

factors. Gene Ther. 2002;9:631–641. 

28: Chen LY, Zhuo YH, Li YH, Huang XH, Zhang JL, Li SY, Wang XG, Lü L. Expression 

of stromal cell-derived factor-1 in diabetic retinopathy. Chin Med J (Engl). 

2010;123(8):984-8. 



60 
 

29: Brooks HL, Caballero S, Newell CK, Steinmetz RL, Watson D, Segal MS, Harrison JK, 

Scott EW, Grant MB. Vitreous Levels of Vascular Endothelial Growth Factor and Stromal-

Derived Factor 1 in Patients with Diabetic Retinopathy and Cystoid Macular Injection of 

Triamcinolone. Arch Ophthalmol. 2004;122(12):1801-1807. 

30: Keles A, Sonmez K, Erol YO, Ayyildiz SN, Ogus E. Vitreous levels of vascular 

endothelial growth factor, stromal cell-derived factor-1α, and angiopoietin-like protein 2 in 

patients with active proliferative diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol. 

2021;259(1):53-60. 

31: Gu XL, Ma N, Xiang DC, Huang J, Dong ZH, Lei HY, Ding R, Gong ZH, Wen YF, Qiu 

J, Ma L. Polymorphism of stromal cell-derived factor-1 selectively upregulates gene 

expression and is associated with increased susceptibility to coronary artery disease. 

Biochem Biophys Res Commun. 2014;443(3):932-7. 

32: Xiao Q, Ye S, Oberhollenzer F, Mayr A, Jahangiri M, Willeit J, Kiechl S, Xu Q.  SDF1 

gene variation is associated with circulating SDF1alpha level and endothelial progenitor 

cell number: the Bruneck Study. PLoS One. 2008;3(12):e4061. 

33: Djuric Z, Sharei V, Rudofsky G, Morcos M, Li H, Hammes HP, Nawroth PP, Bierhaus 

A, Humpert PM, Jonas JB. Association of homozygous SDF-1 3'A genotype with 

proliferative diabetic retinopathy. Acta Diabetol. 2010;47(1):79-82. 

34: Branchini LA, Adhi M, Regatieri CV, Nandakumar N, Liu JJ, Laver N, Fujimoto JG, 

Duker JS. Analysis of Choroidal Morphology and Vasculature in Healthy Eyes Using 

Spectral-Domain Optical Coherence Tomography. Ophthalmology. 2013;120(9):1901-8. 

35: Zhang W, Kaser-Eichberger A, Fan W, Platzl C, Schrödl F, Heindl LM. The structure 

and function of the human choroid. Ann Anat. 2024;254:152239. 

36: Ramrattan RS, van der Schaft TL, Mooy CM, de Bruijn WC, Mulder PG, de Jong PT. 

Morphometric analysis of Bruch's membrane, the choriocapillaris, and the choroid in aging. 

Invest Ophthalmol Vis Sci. 1994;35(6):2857-64. 



61 
 

37: Sohrab M, Wu K, Fawzi AA. A pilot study of morphometric analysis of choroidal 

vasculature in vivo, using en face optical coherence tomography. PLoS One. 

2012;7(11):e48631. 

38: Kur J, Newman EA, Chan-Ling T. Cellular and physiological mechanisms underlying 

blood flow regulation in the retina and choroid in health and disease. Prog Retin Eye Res. 

2012;31(5):377-406. 

39: McLeod DS, Lutty GA. High-resolution histologic analysis of the human choroidal 

vasculature. Invest Ophthalmol Vis Sci. 1994;35(11):3799-811. 

40: Ruskell GL. Peripapillary venous drainage from the choroid: a variable feature in 

human eyes. Br J Ophthalmol. 1997;81:76–79. 

41: Hogan MJ. Ultrastructure of the choroid. Its role in the pathogenesis of chorioretinal 

disease. Trans Pac Coast Otoophthalmol Soc Annu Meet. 1961;42:61-87. 

42: Singh RB, Perepelkina T, Testi I, Young BK, Mirza T, Invernizzi A, Biswas J, Agarwal 

A. Imaging-based Assessment of Choriocapillaris: A Comprehensive Review. Semin 

Ophthalmol. 2023;38(5):405-426. 

43: Ramrattan RS, van der Schaft TL, Mooy CM, de Bruijn WC, Mulder PG, de Jong PT. 

Morphometric analysis of Bruch’s membrane, the choriocapillaris, and the choroid in aging. 

Invest Ophthalmol Vis Sci. 1994;35(6):2857-64. 

44: Olver JM. Functional anatomy of the choroidal circulation: methyl methacrylate casting 

of human choroid. Eye (Lond). 1990;4(Pt 2):262-72.  

45: Borrelli E, Sarraf D, Freund KB, Sadda SR. OCT angiography and evaluation of the 

choroid and choroidal vascular disorders. Prog Retin Eye Res. 2018;67:30-55.  

46: McLeod DS, Grebe R, Bhutto I, Merges C, Baba T, Lutty GA. Relationship between 

RPE and choriocapillaris in age-related macular degeneration. Invest Ophthalmol Vis Sci. 

2009;50(10):4982-91.  



62 
 

47: Bill A, Sperber G, Ujiie K. Physiology of the choroidal vascular bed. Int Ophthalmol. 

1983;6(2):101-7.  

48: Krebs W, Krebs IP. Ultrastructural evidence for lymphatic capillaries in the primate 

choroid. Arch Ophthalmol. 1988;106(11):1615-6.  

49: Zhao J, Wang YX, Zhang Q, Wei WB, Xu L, Jonas JB. Macular Choroidal Small-Vessel 

Layer, Sattler's Layer and Haller's Layer Thicknesses: The Beijing Eye Study. Sci Rep. 

2018;8(1):4411. 

50: Edwards M, Lutty GA. Bruch's Membrane and the Choroid in Age-Related Macular 

Degeneration. Adv Exp Med Biol. 2021;1256:89-119.  

51: Hayreh SS. Blood flow in the optic nerve head and factors that may influence it. Prog 

Retin Eye Res. 2001;20(5):595-624. 

52: Reiner A, Fitzgerald MEC, Del Mar N, Li C. Neural control of choroidal blood flow. 

Prog Retin Eye Res. 2018;64:96–130. 

53: Linsenmeier RA, Braun RD. Oxygen distribution and consumption in the cat retina 

during normoxia and hypoxia. J Gen Physiol. 1992;99:177–197. 

54: Alm A, Bill A. Ocular and optic nerve blood flow at normal and increased intraocular 

pressures in monkeys (Macaca irus): a study with radioactively labelled microspheres 

including flow determinations in brain and some other tissues. Exp Eye Res. 

1973;15(1):15-29. 

55: Urs R, Ketterling JA, Yu ACH, Lloyd HO, Yiu BYS, Silverman RH. Ultrasound 

Imaging and Measurement of Choroidal Blood Flow. Transl Vis Sci Technol. 2018;7(5):5. 

56: Blaauwgeers HG, Holtkamp GM, Rutten H, Witmer AN, Koolwijk P, Partanen TA, 

Alitalo K, Kroon ME, Kijlstra A, van Hinsbergh VW, Schlingemann RO. Polarized 

vascular endothelialgrowth factor secretion by human retinalpigment epithelium and 

localization of vascu-lar endothelial growth factor receptors on theinner choriocapillaris. 

Evidence for a trophicparacrine relation. Am J Pathol. 1999;155(2):421-8.  



63 
 

57: Sezer T, Altınışık M, Koytak İA, Özdemir MH. The Choroid and Optical Coherence 

Tomography. Turk J Ophthalmol. 2016;46(1):30-37. 

58: Invernizzi A, Pellegrini M, Cornish E, Yi Chong Teo K, Cereda M, Chabblani J. 

Imaging the Choroid: From Indocyanine Green Angiography to Optical Coherence 

Tomography Angiography. Asia Pac J Ophthalmol (Phila). 2020;9(4):335-348. 

59: Hope-Ross M, Yannuzzi LA, Gragoudas ES, Guyer DR, Slakter JS, Sorenson JA, 

Krupsky S, Orlock DA, Puliafito CA. Adverse reactions due to indocyanine green. 

Ophthalmology. 1994;101(3):529-33. 

60: Spaide RF, Yannuzzi LA, Slakter JS, Sorenson J, Orlach DA. Indocyanine green 

videoangiography of idiopathic polypoidal choroidal vasculopathy. Retina. 1995;15(2):100-

10. 

61: Yannuzzi LA. Indocyanine green angiography: a perspective on use in the clinical 

setting. Am J Ophthalmol. 2011;151(5):745-751.e1. 

62: Falsini B, Anselmi GM, Marangoni D, D’Esposito F, Fadda A, Renzo A, Di, Campos 

EC, Riva CE. Subfoveal choroidal blood flow and central retinal function in retinitis 

pigmentosa. Invest Ophthalmol Vis Sci. 2011;52(2):1064-9. 

63: Pemp B, Schmetterer L. Ocular blood flow in diabetes and age-related macular 

degeneration. Can J Ophthalmol. 2008;43(3):295-301. 

64: Fujimoto JG. Optical coherence tomography for ultrahigh resolution in vivo imaging. 

Nat Biotechnol. 2003;21(11):1361-7. 

65: Wong IY, Koizumi H, Lai WW. Enhanced depth imaging optical coherence 

tomography. Ophthalmic Surg Lasers Imaging. 2011:42 Suppl:S75-84. 

66: Fujimoto JG, Pitris C, Boppart SA, Brezinski ME. Optical coherence tomography: an 

emerging technology for biomedical imaging and optical biopsy. Neoplasia. 2000;2(1-2):9-

25. 



64 
 

67: Tsang SH, Sharma T. Optical Coherence Tomography. Adv Exp Med Biol. 

2018;1085:11-13. 

68: Chen TC, Cense B, Pierce MC, Nassif N, Park BH, Yun SH, White BR, Bouma BE, 

Tearney GJ, de Boer JF. Spectral domain optical coherence tomography: ultra-high speed, 

ultra-high resolution ophthalmic imaging. Arch Ophthalmol. 2005;123(12):1715-20. 

69: Verner-Cole EA, Campbell JP, Hwang TS, Klein ML, Lauer AK, Choi D, Bailey ST. 

Retinal and Choroidal Imaging With 870-nm Spectral-Domain OCT Compared With 1050-

nm Spectral-Domain OCT, With and Without Enhanced Depth Imaging. Transl Vis Sci 

Technol. 2014;3(3):3. 

70: Spaide RF, Koisumi H, Posonni MC. Enhanced depth imaging spectral-domain optical 

coherence tomography. Am J Ophthalmol. 2008;146(4):496-500. 

71: Akay F, Gundogan FC, Yolcu U, Toyran S, Uzun S. Choroidal thickness in systemic 

arterial hypertension. Eur J Ophthalmol. 2016;26(2):152-7. 

72: Zhang L, Lee K, Niemeijer M, Mullins RF, Sonka M, Abràmoff MD. Automated 

Segmentation of the Choroid from Clinical SD-OCT. Invest Ophthalmol Vis Sci. 

2012;53(12):7510-9. 

73: Invernizzi A, Giani A, Cigada M, Staurenghi G. Retrobulbar structure visualization 

with enhanced depth imaging optical coherence tomography. Invest Ophthalmol Vis Sci. 

2013;54(4):2678-84.  

74: Adhi M, Liu JJ, Qavi AH, Grulkowski I, Lu CD, Mohler KJ, Ferrara D, Kraus MF, 

Baumal CR, Witkin AJ, Waheed NK, Hornegger J, Fujimoto JG, Duker JS. Choroidal 

Analysis in Healthy Eyes using Swept-Source Optical Coherence Tomography Compared 

to Spectral Domain Optical Coherence Tomography. Am J Ophthalmol. 2014;157(6):1272-

1281.e1. 

75: Kishi S. Impact of swept source optical coherence tomography on ophthalmology. 

Taiwan J Ophthalmol. 2016;6(2):58-68. 



65 
 

76: Zheng F, Deng X, Zhang Q, He J, Ye P, Liu S, Li P, Zhou J, Fang X. Advances in 

swept-source optical coherence tomography and optical coherence tomography 

angiography. Adv Ophthalmol Pract Res. 2022;3(2):67-79. 

77: Spaide RF. Visualization of the posterior vitreous with dynamic focusing and windowed 

averaging swept source optical coherence tomography. Am J Ophthalmol. 

2014;158(6):1267-74. 

78: Kashani AH, Chen CL, Gahm JK, Zheng F, Richter GM, Rosenfeld PJ, Shi Y, Wang 

RK. Optical coherence tomography angiography: a comprehensive review of current 

methods and clinical applications. Prog Retin Eye Res. 2017;60:66-100. 

79: Corvi F, Su L, Sadda SR. Evaluation of the inner choroid using OCT angiography. Eye 

(Lond). 2021;35(1):110-120. 

80: Spaide RF, Fujimoto JG, Waheed NK. Image artifacts in optical coherence tomography 

angiography. Retina. 2015;35(11):2163-80. 

81: Bhayana A, Kumar V, Tayade A, Chandra M, Chandra P, Kumar A. Choroidal thickness 

in normal Indian eyes using swept-source optical coherence tomography. Indian J 

Ophthalmol. 2019;67(2):252-255. 

82: Matsuo Y, Sakamoto T, Yamashita T, Tomita M, Shirasawa M, Terasaki H. Comparisons 

of choroidal thickness of normal eyes obtained by two different spectral-domain OCT 

instruments and one swept-source OCT instrument. Invest Ophthalmol Vis Sci. 

2013;54(12):7630-6. 

83: Margolis R, Spaide RF. A pilot study of enhanced depth imaging optical coherence 

tomography of the choroid in normal eyes. Am J Ophthalmol. 2009;147(5):811-5. 

84: Philip AM, Gerendas BS, Zhang L, Faatz H, Podkowinski D, Bogunovic H, Abramoff 

MD, Hagmann M, Leitner R, Simader C, Sonka M, Waldstein SM, Schmidt-Erfurth U. 

Choroidal thickness maps from spectral domain and swept source optical coherence 

tomography: algorithmic versus ground truth annotation. Br J Ophthalmol. 

2016;100(10):1372-6.  



66 
 

85: Moussa M, Sabry D, Soliman W. Macular choroidal thickness in normal Egyptians 

measured by swept source optical coherence tomography. BMC Ophthalmol. 2016;16:138. 

86: Mori Y, Miyake M, Hosoda Y, Uji A, Nakano E, Takahashi A, Muraoka Y, Miyata M, 

Tamura H, Ooto S, Tabara Y, Yamashiro K, Matsuda F, Tsujikawa A; Nagahama Study 

Group. Distribution of Choroidal Thickness and Choroidal Vessel Dilation in Healthy 

Japanese Individuals: The Nagahama Study. Ophthalmol Sci. 2021;1(2):100033. 

87: Hirano M, Muraoka Y, Kogo T, Ishikura M, Nishigori N, Ueda-Arakawa N, Miyata M, 

Hata M, Takahashi A, Miyake M, Tsujikawa A. Analysis of widefield choroidal thickness 

maps of healthy eyes using swept source optical coherence tomography. Sci Rep. 

2023;13(1):11904. 

88: Ramrattan RS, van der Schaft TL, Mooy CM, de Bruijn WC, Mulder PG, de Jong PT. 

Morphometric analysis of Bruch’s membrane, the choriocapillaris, and the choroid in aging. 

Investigative Ophthalmology and Visual Science. 1994;35(6):2857–2864. 

89: Ouyang Y, Heussen FM, Mokwa N, Walsh AC, Durbin MK, Keane PA, Sanchez PJ, 

Ruiz-Garcia H, Sadda SR. Spatial distribution of posterior pole choroidal thickness by 

spectral domain optical coherence tomography. Invest Ophthalmol Vis Sci. 

2011;52(9):7019-26. 

90: Ikuno Y, Kawaguchi K, Nouchi T, Yasuno Y. Choroidal thickness in healthy Japanese 

subjects. Invest Ophthalmol Vis Sci. 2010;51(4):2173-6. 

91: Michalewski J, Michalewska Z, Nawrocka Z, Bednarski M, Nawrocki J. Correlation of 

Choroidal Thickness and Volume Measurements with Axial Length and Age Using Swept 

Source Optical Coherence Tomography and Optical Low-Coherence Reflectometry. 

Biomed Res Int. 2014;2014:639160. 

92: Ooto S, Hangai M, Yoshimura N. Effects of sex and age on the normal retinal and 

choroidal structures on optical coherence tomography. Curr Eye Res. 2015;40(2):213-25. 



67 
 

93: Barteselli G, Chhablani J, El-Emam S, Wang H, Chuang J, Kozak I, Cheng L, Bartsch 

DU, Freeman WR. Choroidal volume variations with age, axial length, and sex in healthy 

subjects: a three-dimensional analysis. Ophthalmology. 2012;119(12):2572-8. 

94: Akhtar Z, Rishi P, Srikanth R, Rishi E, Bhende M, Raman R. Choroidal thickness in 

normal Indian subjects using Swept source optical coherence tomography. PLoS One. 

2018;13(5):e0197457. 

95: Chakraborty R, Read SA, Collins MJ. Diurnal variations in axial length, choroidal 

thickness, intraocular pressure, and ocular biometrics. Invest Ophthalmol Vis Sci. 

201;52:5121–5129. 

96: Kinoshita T, Mitamura Y, Shinomiya K. Diurnal variations in luminal and stromal areas 

of choroid in normal eyes. Br J Ophthalmol. 2017;101:360–364. 

97: Scuderi L, Fragiotta S, Di Pippo M, Abdolrahimzadeh S. The Role of Diabetic 

Choroidopathy in the Pathogenesis and Progression of Diabetic Retinopathy. Int J Mol Sci. 

2023;24(12):10167. 

98: Yanoff M. Ocular pathology of diabetes mellitus. Am J Ophthalmol. 1969;67(1):21-38. 

99: Hidayat AA, Fine BS. Diabetic choroidopathy. Light and electron microscopic 

observations of seven cases. Ophthalmology. 1985;92(4):512-22. 

100: Fukushima I, McLeod DS, Lutty GA. Intrachoroidal microvascular abnormality: a 

previously unrecognized form of choroidal neovascularization. Am J Ophthalmol. 

1997;124(4):473-87. 

101: Lutty GA, McLeod DS. Phosphatase enzyme histochemistry for studying vascular 

hierarchy, pathology, and endothelial cell dysfunction in retina and choroid. Vision Res. 

2005;45(28):3504-11. 

102: Lutty GA, Cao J, McLeod DS. Relationship of polymorphonuclear leukocytes (PMNs) 

to capillary dropout in the human diabetic choroid. Am J Pathol. 1997;151(3):707-14. 



68 
 

103: Wierusz-Wysocka B, Wysocki H, Siekierka H, Wykretowicz A, Szczepanik A, Klimas 

R. Evidence of polymorphonuclear neutrophils (PMN) activation in patients with insulin-

dependent diabetes mellitus. J Leukoc Biol. 1987;42(5):519-23. 

104: Kone BC. Molecular biology of natriuretic peptides and nitric oxide synthases. 

Cardiovasc Res. 2001;51(3):429-41. 

105: Griffith OW, Stuehr DJ. Nitric oxide synthases: properties and catalytic mechanism. 

Annu Rev Physiol. 1995:57:707-36. 

106: Sakurai M, Higashide T, Takeda H, Shirao Y. Characterization and diabetes-induced 

impairment of nitric oxide synthase in rat choroid. Curr Eye Res. 2002;24(2):139-46. 

107: Weinberger D, Kramer M, Priel E, Gaton DD, Axer-Siegel R, Yassur Y. Indocyanine 

green angiographic findings in nonproliferative diabetic retinopathy. Am J Ophthalmol. 

1998;126(2):238-47. 

108: Shiragami C, Shiraga F, Matsuo T, Tsuchida Y, Ohtsuki H. Risk factors for diabetic 

choroidopathy in patients with diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol. 

2002;240(6):436-42. 

109: Bischoff PM, Flower RW. Ten years experience with choroidal angiography using 

indocyanine green dye: A new routine examination or an epilogue? Doc Ophthalmol. 

1985;60(3):235-91. 

110: Hua R, Liu L, Wang X, Chen L. Imaging evidence of diabetic choroidopathy in vivo: 

angiographic pathoanatomy and choroidal-enhanced depth imaging. PLoS One. 

2013;8(12):e83494. 

111: Schocket LS, Brucker AJ, Niknam RM, Grunwald JE, DuPont J, Brucker AJ. Foveolar 

choroidal hemodynamics in proliferative diabetic retinopathy. Int Ophthalmol. 

2004;25(2):89-94. 



69 
 

112: Nagaoka T, Kitaya N, Sugawara R, Yokota H, Mori F, Hikichi T, Fujio N, Yoshida A. 

Alteration of choroidal circulation in the foveal region in patients with type 2 diabetes. Br J 

Ophthalmol. 2004;88(8):1060-3. 

113: Adhi M, Brewer E, Waheed NK, Duker JS. Analysis of morphological features and 

vascular layers of choroid in diabetic retinopathy using spectral-domain optical coherence 

tomography. JAMA Ophthalmol. 2013;131(10):1267-74. 

114: Tavares Ferreira J, Vicente A, Proença R, Santos BO, Cunha JP, Alves M, Papoila AL, 

Abegão Pinto L. Choroidal thickness in diabetic patients without diabetic retinopathy. 

Retina. 2018;38(4):795-804. 

115: Abadia B, Suñen I, Calvo P, Bartol F, Verdes G, Ferreras A. Choroidal thickness 

measured using swept-source optical coherence tomography is reduced in patients with 

type 2 diabetes. PLoS One. 2018;13(2):e0191977. 

116: Wang W, Liu S, Qiu Z, He M, Wang L, Li Y, Huang W. Choroidal Thickness in 

Diabetes and Diabetic Retinopathy: A Swept Source OCT Study. Invest Ophthalmol Vis 

Sci. 2020;61(4):29. 

117: Laíns I, Talcott KE, Santos AR, Marques JH, Gil P, Gil J, Figueira J, Husain D, Kim 

IK, Miller JW, Silva R, Miller JB. Choroidal thickness in diabetic retinopathy assessed with 

swept-source optical coherence tomography. Retina. 2018;38(1):173-182. 

118: Eleiwa KT, Bayoumy A, Elhusseiny MA, Gamil K, Sharawy A. Longitudinal analysis 

of subfoveal choroidal thickness after panretinal laser photocoagulation in diabetic 

retinopathy using swept-source optical coherence tomography. Rom J Ophthalmol. 

2020;64(3):285-291. 

119: Takahashi A, Nagaoka T, Sato E, Yoshida A. Effect of panretinal photocoagulation on 

choroidal circulation in the foveal region in patients with severe diabetic retinopathy. Br J 

Ophthalmol. 2008;92(10):1369-73. 

120: Cho GE, Cho HY, Kim YT. Change in subfoveal choroidal thickness after argon laser 

panretinal photocoagulation. Int J Ophthalmol. 2013;6(4):505-9. 



70 
 

121: Laíns I, Figueira J, Santos AR, Baltar A, Costa M, Nunes S, Farinha C, Pinto R, 

Henriques J, Silva R. Choroidal thickness in diabetic retinopathy: the influence of 

antiangiogenic therapy. Retina. 2014;34(6):1199-207. 

122: Rayess N, Rahimy E, Ying GS, Bagheri N, Ho AC, Regillo CD, Vander JF, Hsu J. 

Baseline choroidal thickness as a predictor for response to anti-vascular endothelial growth 

factor therapy in diabetic macular edema. Am J Ophthalmol. 2015;159(1):85-91.e1-3. 

123: Savur F, Kaldırım H, Atalay K, Öğreden T, Hayat ŞÇ. Treatment results of diabetic 

macular edema with different choroidal thickness with intravitreal anti vascular endothelial 

growth factor. BMC Ophthalmol. 2022;22(1):508. 

124: Petrovic D. Candidate genes for proliferative diabetic retinopathy. Biomed Res Int. 

2013:2013:540416. 

125: Shirozu M, Nakano T, Inazawa J, Tashiro K, Tada H, Shinohara T, Honjo T. Structure 

and chromosomal localization of the human stromal cell‐derived factor 1 (SDF1) gene. 

Genomics. 1995;28(3):495-500. 

126: Sadri F, Rezaei Z, Fereidouni M. The significance of the SDF-1/CXCR4 signaling 

pathway in the normal development. Mol Biol Rep. 2022;49(4):3307-3320. 

127: Mirshahi F, Pourtau J, Li H, Muraine M, Trochon V, Legrand E, Vannier J, Soria J, 

Vasse M, Soria C. SDF-1 activity on microvascular endothelial cells: consequences on 

angiogenesis in in vitro and in vivo models. Thromb Res. 2000;99(6):587-94. 

128: Meleth AD, Agrón E, Chan CC, Reed GF, Arora K, Byrnes G, Csaky KG, Ferris FL 

3rd, Chew EY. Serum inflammatory markers in diabetic retinopathy. Invest Ophthalmol Vis 

Sci. 2005;46(11):4295-301. 

129: Soriano A, Martínez C, García F, Plana M, Palou E, Lejeune M, Aróstegui JI, De 

Lazzari E, Rodriguez C, Barrasa A, Lorenzo JI, Alcamí J, del Romero J, Miró JM, Gatell 

JM, Gallart T. Plasma stromal cell-derived factor (SDF)-1 levels, SDF1-3'A genotype, and 

expression of CXCR4 on T lymphocytes: their impact on resistance to human 



71 
 

immunodeficiency virus type 1 infection and its progression. J Infect Dis. 2002;186(7):922-

31. 

130: Gu XL, Ma N, Xiang DC, Huang J, Dong ZH, Lei HY, Ding R, Gong ZH, Wen YF, 

Qiu J, Ma L. Polymorphism of stromal cell-derived factor-1 selectively upregulates gene 

expression and is associated with increased susceptibility to coronary artery disease. 

Biochem Biophys Res Commun. 2014;443(3):932-7. 

131: Szigeti A, Ecsedy M, Schneider M, Lénárt L, Lesch B, Nagy ZZ, Fekete A, Récsán Z. 

Stromal Cell-Derived Factor 1 Polymorphism in Retinal Vein Occlusion.  PLoS One. 

2016;11(11):e0166544. 

132: Hu W, Criswell MH, Fong SL, Temm CJ, Rajashekhar G, Cornell TL, Clauss MA. 

Differences in the temporal expression of regulatory growth factors during choroidal 

neovascular development. Exp Eye Res. 2009;88(1):79-91. 

133: Bhutto IA, McLeod DS, Hasegawa T, Kim SY, Merges C, Tong P, Lutty GA. Pigment 

epithelial‐derived factor (PEDF) and vascular endothelial growth factor (VEGF) in aged 

choroid and eyes with age‐related macular degeneration. Exp Eye Res. 2006;82(1):99-110. 

134: Bhutto IA, McLeod DS, Merges C, Hasegawa T, Lutty GA. Localisation of SDF-1 and 

its receptor CXCR4 in retina and choroid of aged human eyes and in eyes with age related 

macular degeneration. Br J Ophthalmol. 2006;90(7):906-10. 

135: Gao X, Wang Y, Hou HY, Lyu Y, Wang HY, Yao LB, Zhang J, Cao F, Wang YS. In 

vivo bioluminescence imaging of hyperglycemia exacerbating stem cells on choroidal 

neovascularization in mice. Int J Ophthalmol. 2016;9(4):519-27. 

136: Cai Y, Li X, Wang YS, Shi YY, Ye Z, Yang GD, Dou GR, Hou HY, Yang N, Cao XR, 

Lu ZF. Hyperglycemia promotes vasculogenesis in choroidal neovascularization in diabetic 

mice by stimulating VEGF and SDF-1 expression in retinal pigment epithelial cells. Exp 

Eye Res. 2014:123:87-96. 



72 
 

137: Horváth H, Kovács I, Sándor GL, Czakó C, Mallár K, Récsán Z, Somogyi A, Nagy 

ZZ, Ecsedy M. Choroidal thickness changes in non-treated eyes of patients with diabetes: 

swept-source optical coherence tomography study. Acta Diabetol. 2018;55(9):927-934. 

138: Horváth H, Ecsedy M, Kovács I, Sándor GL, Mallár K, Czakó C, Nagy ZZ, Somogyi 

A. A chorioidea vastagságának változása diabeteses betegekben. Orv Hetil. 

2020;161(35):1475-1482. 

139: Ecsedy M, Kovacs I, Szigeti A, Horvath H, Lenart L, Recsan Z, Medveczki T, Nagy 

ZZ, Fekete A. Association of SDF-1-3' Gene A Variant with Diabetic Retinopathy in the 

Hungarian Population. Int J Mol Sci. 2024;25(15):8036.  

140: The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. 

Report of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. 

Diabetes Care. 1997;20(7):1183-97. 

141: Early Treatment Diabetic Retinopathy Study Research Group. Grading diabetic 

retinopathy from stereoscopic color fundus photographs - an extension of the modified 

Airlie House classification: ETDRS report number 10. Ophthalmology. 1991;98(5 

Suppl):786-806. 

142: Otani T, Kishi S, Maruyama Y. Patterns of diabetic macular edema with optical 

coherence tomography. Am J Ophthalmol. 1999;127(6):688-93. 

143: Early Treatment Diabetic Retinopathy Study Research Group. Classification of 

diabetic retinopathy from fluorescein angiograms. ETDRS report number 11. 

Ophthalmology. 1991;98(5 Suppl):807-22. 

144: Shin YU, Lee MJ, Lee BR. Choroidal maps in different types of macular edema in 

branch retinal vein occlusion using swept-source optical coherence tomography. Am J 

Ophthalmol. 2015 Aug;160(2):328-334.e1. 

145: Min JK, Lee S, Kim JS, Woo JM, Yang HS. Effects of diabetic macular edema on 

repeatability of retinal nerve fiber layer thickness measurements at the macular and 



73 
 

peripapillary area using swept-source optical coherence tomography. Curr Eye Res. 

2017;42(2):307-314. 

146: Wang J, Gao X, Huang W, Wang W, Chen S, Du S, Li X, Zhang X. Swept-source 

optical coherence tomography imaging of macular retinal and choroidal structures in 

healthy eyes. BMC Ophthalmol. 2015:15:122. 

147: Yilmaz PT, Koz OG, Yarangumeli A, Alp MN. Macular Choroidal Thickness in 

Patients with Ocular Hypertension as Assessed Using Enhanced Depth Imaging Optical 

Coherence Tomography. Beyoglu Eye J. 2017;4(2):92-96. 

148: Papathanasiou KA, Kazantzis D, Vrachatis DA, Giotaki SG, Papaconstantinou E, 

Kanakis M, Avramides D, Deftereos S, Chatziralli I, Georgalas I. Choroidal thickness in 

patients with systemic arterial hypertension: a systematic review and meta-analysis. Ther 

Adv Ophthalmol. 2022;14:25158414221132825. 

149: Unsal E, Eltutar K, Zirtiloğlu S, Dinçer N, Ozdoğan Erkul S, Güngel H. Choroidal 

thickness in patients with diabetic retinopathy.  Clin Ophthalmol. 2014:8:637-42. 

150: Torabi H, Saberi Isfeedvajani M, Ramezani M, Daryabari SH. Choroidal Thickness 

and Hemoglobin A1c Levels in Patients with Type 2 Diabetes Mellitus. J Ophthalmic Vis 

Res. 2019;14(3):285-290. 

151: Temel E, Özcan G, Yanık Ö, Demirel S, Batıoğlu F, Kar İ, Özmert E. Choroidal 

structural alterations in diabetic patients in association with disease duration, HbA1c level, 

and presence of retinopathy. Int Ophthalmol. 2022;42(12):3661-3672. 

152: Giuffrè G, Lodato G, Dardanoni G. Prevalence and risk factors of diabetic retinopathy 

in adult and elderly subjects: the Casteldaccia Eye Study. Graefe’s Arch Clin Exp 

Ophthalmol. 2004;242(7):535-40. 

153: Tan CS, Cheong KX, Lim LW, Sadda SR. Comparison of macular choroidal 

thicknesses from swept source and spectral domain optical coherence tomography. Br J 

Ophthalmol. 2016;100(7):995-999. 



74 
 

154: Nowroozzadeh MH, Bagheri M. The role of optical coherence tomography 

angiography in assessing diabetic choroidopathy: a systematic review. Int J Retina Vitreous. 

2025;11(1):10. 

155: Dai Y, Zhou H, Chu Z, Zhang Q, Chao JR, Rezaei KA, Wang RK. Microvascular 

Changes in the Choriocapillaris of Diabetic Patients Without Retinopathy Investigated by 

Swept-Source OCT Angiography.  Invest Ophthalmol Vis Sci. 2020;61(3):50. 

156: Zlatanović M, Đorđević Jocić J, Jakšić V, Zlatanović N, Golubović M, Živković M. 

The Determination of Type 2 Diabetes Mellitus's Impact on the Density of Retinal Blood 

Vessels and the Choriocapillaris: Optical Coherence Tomography Angiography Study. J 

Ophthalmol. 2021:2021:7043251. 

157: Conti FF, Qin VL, Rodrigues EB, Sharma S, Rachitskaya AV, Ehlers JP, Singh RP. 

Choriocapillaris and retinal vascular plexus density of diabetic eyes using split-spectrum 

amplitude decorrelation spectral-domain optical coherence tomography angiography. Br J 

Ophthalmol. 2019;103(4):452-456. 

158: Agra C, Lira RPC, Pinheiro FG, Sá L, Bravo Filho VTF. Optical coherence 

tomography angiography: microvascular alterations in diabetic eyes without diabetic 

retinopathy. Arq Bras Oftalmol. 2021;84(2):149-157. 

159: Vujosevic S, Cunha-Vaz J, Figueira J, Löwenstein A, Midena E, Parravano M, Scanlon 

PH, Simó R, Hernández C, Madeira MH, Marques IP, C-V Martinho A, Santos AR, Simó-

Servat O, Salongcay RP, Zur D, Peto T. Standardization of Optical Coherence Tomography 

Angiography Imaging Biomarkers in Diabetic Retinal Disease. Ophthalmic Res. 

2021;64(6):871-887. 

160: Ferrara D, Waheed NK, Duker JS. Investigating the choriocapillaris and choroidal 

vasculature with new optical coherence tomography technologies. Prog Retin Eye Res. 

2016:52:130-55. 



75 
 

161: Murakami T, Uji A, Suzuma K, Dodo Y, Yoshitake S, Ghashut R, Yoza R, Fujimoto M, 

Yoshimura N. In Vivo Choroidal Vascular Lesions in Diabetes on Swept-Source Optical 

Coherence Tomography. PLoS One. 2016;11(8):e0160317. 

162: Evans JR, Michelessi M, Virgili G. Laser photocoagulation for proliferative diabetic 

retinopathy. Cochrane Database Syst Rev. 2014;2014(11):CD011234. 

163: Zhang Z, Meng X, Wu Z, Zou W, Zhang J, Zhu D, Chen T, Zhang Q. Changes in 

Choroidal Thickness After Panretinal Photocoagulation for Diabetic Retinopathy: A 12-

Week Longitudinal Study. Invest Ophthalmol Vis Sci. 2015;56(4):2631–2638. 

164: Maharaj AS, D'Amore PA. Roles for VEGF in the adult. Microvasc Res. 2007;74(2-

3):100-13. 

165: Feng YF, Yuan F, Guo H, Wu WZ. TGF-β1 enhances SDF-1-induced migration and 

tube formation of choroid-retinal endothelial cells by up-regulating CXCR4 and CXCR7 

expression. Mol Cell Biochem. 2014;397(1-2):131-8. 

166: Jin J, Zhao WC, Yuan F. CXCR7/CXCR4/CXCL12 axis regulates the proliferation, 

migration, survival and tube formation of choroid-retinal endothelial cells. Ophthalmic Res. 

2013;50:6-12. 

167: Sonoda S, Sakamoto T, Yamashita T, Uchino E, Kawano H, Yoshihara N, Terasaki H, 

Shirasawa M, Tomita M, Ishibashi T. Luminal and stromal areas of choroid determined by 

binarization method of optical coherence tomographic images. Am J Ophthalmol. 

2015;159(6):1123-1131.e1. 

168: Agrawal R, Wei X, Goud A, Vupparaboina KK, Jana S, Chhablani J. Influence of 

scanning area on choroidal vascularity index measurement using optical coherence 

tomography. Acta Ophthalmol. 2017;95(8):e770-e775. 

169: Wang JC, Laíns I, Providência J, Armstrong GW, Santos AR, Gil P, Gil J, Talcott KE, 

Marques JH, Figueira J, Vavvas DG, Kim IK, Miller JW, Husain D, Silva R, Miller JB. 

Diabetic Choroidopathy: Choroidal Vascular Density and Volume in Diabetic Retinopathy 

With Swept-Source Optical Coherence Tomography. Am J Ophthalmol. 2017:184:75-83. 



76 
 

9. Bibliography of the candidate’s publications 

 

9.1. Publications related to the PhD thesis 

 

1. Horváth H, Kovács I, Sándor GL, Czakó C, Mallár K, Récsán Zs, Somogyi A, 

Nagy ZZ, Ecsedy M. Choroidal thickness changes in non-treated eyes of patients 

with diabetes: swept-source optical coherence tomography study. Acta Diabetol. 

2018;55(9):927-934. -IF: 2,996 

2. Horváth H, Ecsedy M, Kovács I, Sándor GL, Mallár K, Czakó C, Nagy ZZ, 

Somogyi A. A chorioidea vastagságának változása diabeteses betegekben 

(Choroidal thickness changes in patients with diabetes). Orv Hetil. 

2020;161(35):1475-1482. - IF: 0,54 

3. Ecsedy M, Kovacs I, Szigeti A, Horvath H, Lenart L, Recsan Z, Medveczki T, 

Nagy ZZ, Fekete A. Association of SDF-1-3' Gene A Variant with Diabetic 

Retinopathy in the Hungarian Population. Int J Mol Sci. 2024;25(15):8036. - IF: 4,9 

 

Σ Impact factor: 8,436 

 

 

9.2. Publications not related to the PhD thesis 

 

1. Horváth H, Knézy K, Szigeti A, Nagy ZZs. Myopiaprogresszió lassítása DIMS-

technológiájú szemüveglencsével. Szemészet. 2023;160(2 pp):58-65. 

2. Szilágyi Zs, Horváth H, Salomváry B, Nagy ZZs, Ecsedy M. Súlyos látásromlást 

okozó szemfenéki keringészavar transzfúziót követően. Szemészet. 2021;158(4 

pp):201-207.  

3. Czakó C, Kovács T, Ungvari Z, Csiszar A, Yabluchanskiy A, Conley S, Csipo T, 

Lipecz A, Horváth H, Sándor GL, István L, Logan T, Nagy ZZ, Kovács I. Retinal 



77 
 

biomarkers for Alzheimer's disease and vascular cognitive impairment and dementia 

(VCID): implication for early diagnosis and prognosis. Geroscience. 

2020;42(6):1499-1525. - IF: 7,713 

4. Czakó C, István L, Benyó F, Élő Á, Erdei G, Horváth H, Nagy ZZ, Kovács I. The 

Impact of Deterministic Signal Loss on OCT Angiography Measurements. Transl 

Vis Sci Technol. 2020;9(5):10. - IF: 3,283 

5. Czakó C, Sándor G, Horváth H, Szepessy Z, Nagy ZZ, Kovács I. Szisztémás 

gyógyszerek szemészeti mellékhatásai (Adverse ocular effects to systemic drug 

therapy). Orv Hetil. 2020;161(23):951-961. - IF: 0,540 

6. Czakó C, István L, Ecsedy M, Récsán Zs, Sándor G, Benyó F, Horváth H, Papp A, 

Resch M, Borbándy Á, Nagy ZZs, Kovács I. The effect of image quality on the 

reliability of OCT angiography measurements in patients with diabetes. 

International journal of retina and vitreous. 2019;5:1 Paper:46,7 p. 

7. Czakó C, Sándor G, Ecsedy M, Récsán Z, Horváth H, Szepessy Z, Nagy ZZ, 

Kovács I. Decreased retinal capillary density is associated with a higher risk of 

diabetic retinopathy in patients with diabetes. Retina. 2019;39(9):1710-1719. - IF: 

3,649 

8. Horváth H, Sándor GL, Bauer F, Knézy K, Maneschg O, Nagy ZZs, Szamosi A. Az 

akkomodáció jelentősége optikai korrekció rendelésénél gyermekkorban. 

Szemészet. 2019;156(4 pp):299-304. 

9. Benyó F, Farkas A, Horváth H, Nagy ZZs, Szepessy Zs. Biológiai terápia 

szisztémás alkalmazása a szemészetben (Systemic biological treatment in 

ophthalmology). Orvosi Hetilap. 2019;160(44):1744-1750. - IF: 0,497 

10. Czakó C, Sándor GL, Popper-Sachetti A, Horváth H, Kovács I, Imre L, Tóth J, 

Birinyi P, Nagy ZZ, Simon G, Szentmáry N. Fusarium és Sarocladium okozta 

fertőzések szemészeti vonatkozásai és azok kezelése (Ocular manifestations and 

management of Fusarium and Sarocladium infections). Orv Hetil. 2019;160(1):2-11. 

- IF: 0,497 



78 
 

11. Czakó C, Tábori B, Sándor GL, Horváth H, Kiss E, Tóth F, Nagy ZZs, Maka E. 

Egészséges gyermekek retinális vérkeringésének OCT-angiográfiás vizsgálata. 

Szemészet. 2019;156(2):61-65. 

12. Czakó C, Sándor GL, Ecsedy M, Récsán Z, Horváth H, Szepessy Z, Nagy ZZ, 

Kovács I. Intrasession and Between-Visit Variability of Retinal Vessel Density 

Values Measured with OCT Angiography in Diabetic Patients. Sci Rep. 

2018;8(1):10598. - IF: 4,011 

13. Czakó C, Sándor GL, Ecsedy M, Szepessy Zs, Borbándy Á, Resch M, Papp A, 

Récsán Zs, Horváth H, Nagy Z Zs, Kovács I. Diabeteses kisér-károsodás vizsgálata 

optikai koherencia tomográfián alapuló angiográfiával (Evaluation of diabetic 

microangiopathy using optical coherence tomography angiography). Orv Hetil. 

2018;159:320-326. - IF: 0,564 

14. Czakó C, Gergely R, Horváth H, Dohán J, Kovács I, Nagy ZZs, Szepessy Zs. 

Placoid chorioretinopathiák szisztémás fertőzésekben (Placoid chorioretinopathy in 

systemic infections). Orv Hetil. 2018;159:863-869. - IF: 0,564 

15. Ecsedy M, Horváth H, Kovács I, Sándor G, Szigeti A, Nagy ZZs, Récsán Zs.  

Vénás elzáródást követő érújdonképződéses szövődmények alakulása anti-VEGF-

kezelés alkalmazásakor. Szemészet. 2018;155(2 pp):98-102. 

16. Szigeti A, Ecsedy M, Schneider M, Horváth H, Lesch B, Nagy ZZs, Récsán Zs. 

Oculobiometrikus paraméterek szemfenéki vénás törzselzáródásban. Szemészet. 

2017;154(2 pp):91-96. 

17. Horváth H, Récsán Zs, Nagy ZZs, Sipos F, Debreczeni R, Ecsedy M.  Emelkedett 

gyulladásos paraméterekkel járó arteria centralis retinae okklúzió esete. Szemészet. 

2016;53(1 pp): 36-39. 

18. Horváth H, Maka E, Tóth J, Németh J, Nagy ZZ, Filkorn T. „Teddy bear” synthetic 

fibre granuloma of the conjunctiva. Case study. South-east european journal of 

ophthalmology. 2015;1(1 pp):24-27. 

19. Horváth H, Dunai Á, Récsán Zs. Von Hippel–Lindau szindróma – Esetbemutatás, 

elkülönítő diagnosztika. Szemészet. 2015;152(4 pp): 180-189. 



79 
 

10. Acknowledgements 

 

First and foremost, I would like to thank my supervisor, Mónika Ecsedy, for her vote of 

confidence in me to join the working group. I am grateful for her guidance and support 

throughout my work both in terms of research and clinical practice since the beginning of 

my career.  

I would like to thank Professor Zoltán Zsolt Nagy for giving me the opportunity to 

conduct my research at the Department of Ophthalmology and for his support in my 

professional development. 

I would like to thank Professor Anikó Somogyi for the support and the continued interest 

in my work. 

I am grateful to Zsuzsa Récsán and Illés Kovács for their trust and professional support. 

I want to thank Andrea Szigeti and Gábor László Sándor for their regular help over the 

years. 

I would also like to thank my colleagues, Cecília Czakó, Andrea Gyenes and Éva Juhász, 

who have become true friends over the years and are always there for me. I would also like 

to thank all my colleagues for sharing their professional knowledge; I consider myself 

lucky to learn from the best professionals.  

Last but not least, I would like to express my heartfelt gratitude to my family for their 

continued support. Without their constant encouragement, this work would not have been 

accomplished. 


