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Abstract. Diabetic retinopathy is the most common diabetic eye disease lead-

ing to vision loss. Disturbances have been detected in many aspects of ocular 

circulation in diabetes. However, hemodynamic and vessel architectural modu-

lation have not been extensively investigated in DR. Therefore, an objective test 

for the early diagnosis, progression and therapeutic evaluation of DR based on 

vascular remodeling may aid to identify the individuals at great risk for vision-

threatening problems. In this paper, we present a methodology to characterize 

the microvascular network structure in diabetic individuals.  Our preliminary 

results may pave the path towards effective monitoring of vessel architecture 

modulation in diabetic retinopathy. 

Keywords: diabetic retinopathy, microvascular network, vascular remodeling, 

and capillary perfusion map 

1 Introduction.  

Diabetes mellitus, a lifelong progressive disease, is the result of body’s inability to 

produce insulin or use insulin to its full potential, and is characterized by high circu-

lating glucose. This disease has reached epidemic proportion and has become one of 

the most challenging health problems of the 21st century. [1] Everyone with diabetes 

mellitus is at risk of developing diabetic retinopathy (DR), which is a well-

characterized, sight-threatening microvascular complication leading to vision loss in 

millions of patients in industrialized and developed countries. [2] In spite of extensive 

research, DR has remained difficult to prevent and treat. The main ocular target of DR 

is the retina that develops intravitreal hemorrhages, macular edema, retinal detach-

ments and neovascularization. However, 70% of diabetic patients also suffer from 

corneal abnormalities. The pathogenesis of DR is complex and still remains incom-

pletely understood. Although several biochemical mechanisms, most notably hyper-

glycemia, have been proposed as possible pathogenic factors in DR, there remains 
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controversy regarding the initiating events. It has been postulated that retinal vasodi-

lation and retinal hyperperfusion, possibly related to hypoxia and the release of nitric 

oxide, may be key initiating factors in early DR developments. [3]
 
Hyperperfusion, in 

turn, has been associated with impaired vascular autoregulation, which then may lead 

to an increase in epithelial wall tension and permeability, and subsequent leakage and 

microaneurysm development. [4]
 
Disturbances have been detected in many aspects of 

ocular circulation in diabetes. However, hemodynamic and vessel architectural’s 

modulation have not been extensively investigated in DR. Therefore, an objective test 

for the early diagnosis, progression and therapeutic evaluation of DR based on vascu-

lar remodeling may aid to identify the individuals at great risk for vision-threatening 

problems. 

 

Methods currently used in eye screening examinations have their own unique 

drawbacks. Currently, available offerings are generally based on dilated examinations 

and fundus photography analysis. Dilated examinations reveal the entire retina, but 

you must record the results by drawing a color diagram in the patient’s chart. Fundus 

cameras produce a more objective, permanent record of retinal morphology, but they 

can be difficult to use and capture only a small portion of the central fundus. By eval-

uating the fundus of diabetic children and adolescents using fundus photography, 

Falck and Laatikainen reported that the blood vessel diameter significantly increased 

with the increase in the duration of DR.
 
[5] They also found that signs of early reti-

nopathy developed more often in eyes with venous dilatation than in those without. In 

addition, retinal vasodilation has been proposed to occur before the onset of clinically 

evident DR. Therefore, there is a need to reveal the precise nature of the disturbance 

of retinal hemodynamic in a defined population of patients with diabetes using better 

techniques and methods.  

 

The method was based on large retinal vessels visible on color fundus photographs. 

The ability of imaging the microvascular capillary network may provide crucial in-

formation on the onset and progression of other diabetic complications. [6] Subclini-

cal retinal microvascular abnormalities such as marked capillary contortions and dila-

tations of venous branches were observed in T1DM. [7-9] Using a scanning laser 

technique on the retinal fluorescein angiogram, the reduction in capillary blood flow 

velocities and enlargement of perifoveal inter-capillary areas and foveal avascular 

zone were clear. [9] This method requires the injection of a fluorescein dye, which 

represents a limitation in routine pediatric practice of T1DM patients. Recent advanc-

es in optical imaging techniques enable imaging the retinal microvasculature at the 

capillary level and generate high-resolution non-invasive capillary perfusion maps 

(nCPMs) using a commercially available Retinal Function Imager (RFI, Optical Im-

aging Ltd, Rehovot, Israel). The RFI is a novel device that is designed to noninvasive-

ly and directly measure microcirculation of the retinal small vessels and quantify 

retinal small vessel morphology in great details. [10] The RFI is the first available 

U.S. Food and Drug Administration (FDA) approved retinal function imaging device, 

which performs retinal angiograms without any contrast agent injection such as fluo-

rescein.  
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As it can be seen, there is a need for knowing the natural history of structural alter-

ations, hemodynamic disturbances and functional loss in DR, which can greatly aid in 

developing strategies to detect both early DR and eventual DR progression. In this 

paper, we present a methodology to characterize the microvascular network structure 

in diabetic individuals.  Our preliminary results may pave the path towards effective 

monitoring of vessel architecture modulation in diabetic retinopathy. 

2 Methods 

2.1 Collection of data 

The study was approved by the Institutional Review Board of the University of Mi-

ami, Miami, FL, USA. The research adhered to the tenets set forth in the declaration 

of Helsinki and written informed consent was obtained from the subjects enrolled in 

this cross-sectional study. A total of 15 eligible eyes from 13 participants were ana-

lyzed, which included a total of 5 healthy eyes (32 ± 6 years, 2 female, 3 male), 5 

diabetic eyes with no retinopathy (DM, 31 ± 10 years, 1 female, 4 male) and 5 eyes 

with mild diabetic retinopathy (MDR, 45 ± 16 years, 4 female, 1 male).  

2.2 Microvascular Imaging 

The RFI device has been described in details elsewhere [10-14] and its measure-

ment variability has been validated.
 
[15, 16]

 
RFI is a commercially available, fundus 

camera based, image modality that captures reflectance changes as a function of time 

under stroboscopic illumination (wavelengths between 530 and 590 nm). It is de-

signed to directly and non-invasively measure the retinal vessel flow velocity and to 

perform capillary perfusion mapping in great details.
 
[17] Using a fundus camera 

based photography, the retina vessel tree can be tracked up to 3rd branching for vessel 

network analysis (e.g. density and morphology, see Fig. 1A) and the RFI can image 

up to 6th branching,
 
[18]  as demonstrated in our Fig. 1B. In terms of blood flow ve-

locity calculations, RFI can measure blood flow velocity reliably up to 3rd branching 

of the retinal vessels.  
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Fig. 1. Human retinal microvascular network of a healthy subject assessed by the RFI. The 

fovea (left) was imaged and capillary perfusion (right) was obtained.  

2.3 Microvascular modulation parameters 

    Complexity index (CI):  A Fourier fractal dimension (FFD) approach was used to 

compute the fractal dimension of the RFI’s nCPM images (grey level images). The 

advantage of the FFD approach is that it computes the fractal dimension and elimi-

nates the need for image segmentation. [19]
 

 

Vascular coverage (VC): RFI’s nCPM images (see Fig. 1B) were skeletonized (1 

pixel-wide segments) to determine the centerline of each vessel. Then, the skeleton 

was superposed on the binary image obtained from the original RFI’s image (see Fig. 

1A) to locate the boundary of each vessel and calculate the extent or radius at each 

pixel orthogonal to the direction of the centerline of the vessel. A histogram of the 

radii’ s distribution was constructed after creating an array of radii for which each 

radius is assigned into a 2-pixel wide pack. 

2.4 Statistical analysis 

In order to test for statistically significant differences, paired standard Student t-

tests were used. Statistical significance was asserted at a p-value <0.05 

3 Results 

   Differences in VC were observed in diabetic patients when compared to normal 

healthy subjects. Particularly, the blood vessel radius distribution analysis showed a 

change in vessel radius (see Fig. 2) when comparing MDR with DM (starting at [4,6] 

pixel range) and normal healthy eyes (starting at the [6,8] pixel range).  The distribu-

tion trend, although showed proportional VC without significant differences between 

diabetic and healthy eyes, revealed that a relatively larger amount of diabetic blood 

vessels occupies larger ranges ([6 to 16 pixels]). No significant differences (p>0.05) 
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were observed for the CI when comparing healthy eyes with diabetic eyes with and 

without early retinopathy. The CI was 1.65 ± 0.02 and 1.67 ±0.01 in MDR and 

healthy eyes, respectively. Figure 3 shows the capillary perfusion map obtained for a 

diabetic subject with MDR. 

 

Fig. 2. Histogram of mean radius distribution across a wide range of pixel radius ranges [Pro-

portion (y axis) vs. radius in pixels (x axis)]. 

 

Fig. 3. Capillary perfusion maps obtained for a diabetic subject with MDR 
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4 Discussion and Conclusions 

Extensive research has been conducted to determine effective methods of detection 

and treatment of diabetes mellitus and its attendant ocular complications. Studying 

methods to detect these complications in their earliest stages may inspire development 

of early treatment strategies before clinical signs are apparent, mitigating irreversible 

damage to the microvasculature. Results of our small cross-sectional study demon-

strate the feasibility of optical imaging using the RFI for obtaining high-resolution 

nCPMs and providing the characteristics of the retinal vessels in diabetic patients as 

well as their remodeling features as result of the disease progression or in response to 

treatment. Our study also suggest that a larger longitudinal study would corroborate 

more convincingly whether larger proportion of diabetic blood vessels could domi-

nate larger pixel radius ranges as DR progress. In summary, this study demonstrates a 

possible role for RFI as an in vivo platform to monitor vessel architecture modulation 

in DR and may also allow new insights on the pathogenesis of vascular changes in the 

diabetic eye. 
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