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Background: Previously, we have reported on the value of prothrombotic platelet 
phenotype as a factor for the development of diabetic maculopathy (DMP) and 
diabetic macular edema (DME) in patients with diabetic retinopathy (DR) and type 
2 diabetes mellitus (DM2).
Purpose: To predict DR-associated DME in patients with DM2 based on platelet 
dysfunction analysis.
Materials and Methods: Ninety patients (92 eyes) with DM2 were included in the 
study. Of these eyes, 18, 43 and 31 were found to have, respectively, mild non-
proliferative DR (NPDR), moderate or severe NPDR, and proliferative DR. Platelet 
aggregation agonists, adenosine diphosphate (ADP), platelet activation factor 
(PAF), and collagen (Sigma, St. Louis, MO), were used, and platelet aggregation 
was assessed with a Chrono-Log aggregometer. Methods for building logistic 
regression and neural network models were used to identify a set of independent 
variables associated with the risk for DME.
Results: The risk for DME increased with increases in adrenaline- and PAF-
induced platelet aggregations (p=0.03 and p=0.02, respectively) and decreased 
with an increase in collagen-induced platelet aggregation (p=0.046). There was a 
tendency to increase in the risk for DME with a one per cent increase in angiotensin 
II (ANG II)-induced platelet aggregation. Neural network analysis revealed non-
linear associations of this risk with three independent variables, ANG II-, PAF-, and 
collagen-induced platelet aggregations. A neural network model with a sensitivity 
of 77.1% and specificity of 78.1% was created to predict DME based on this set of 
independent variables.
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Introduction
Diabetic retinopathy (DR) with potential diabetic 

maculopathy (DMP) is a major cause of visual disability 
in type 2 diabetes mellitus (DM2). Visual function loss 
frequently occurs due to diabetic macular edema (DME) 
[1-5].

The incidence of DME is estimated to be 2.3/100 
person-years for the overall diabetic population and 4.5 for 
patients on insulin therapy [5]. In addition, the incidence 
of DME correlates with the severity of diabetes, but DME 
is more common in DM2 versus DM1 [1, 5]. Moreover, 
the prevalence of progression to DME increases to 28% if 
the duration of the disease exceeds 20 years [5]. Patients 
with non-proliferative DR (NPDR), pre-proliferative DR, 
and proliferative DR (PDR) have a prevalence of DME of 
3-38%, 20-63%, and above 70%, respectively [4]. 

Although numerous studies have been conducted on 
retinal injury in diabetes, risk factors for DR and DMP, 
and identification of the most effective medication,  
vitreoretinal surgery and laser treatment approaches, the 

incidence of sight loss due to DM2 has been increasing 
steadily [6, 7].

Previously, we have reported on impaired platelet 
aggregation as a factor for the development of DMP and 
DME in patients with DR and DM2: the prothrombotic 
platelet phenotype was found in patients with DR [8, 9]. 
We believe that correct diagnosing and predicting disease 
progression and complications based on development of 
models describing the time course of disease is promising. 
Thus, we have demonstrated the prognostic value of 
models incorporating determination of polymorphisms in 
glutathione S-transferase and TP53 genes for predicting 
the onset and progression of primary open angle glaucoma 
[10, 11].

The purpose of the study was to predict DR-associated 
ME in patients with DM2 based on platelet dysfunction 
analysis.
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Materials and Methods
Ninety patients (92 eyes) with DM2 were included in 

the study. Of these eyes, 18, 43 and 31 were found to have, 
respectively, mild NPDR, moderate or severe NPDR, and 
PDR. DMP was identified by the presence of specific 
diabetic retinal changes in the macula (microaneurysm, 
hemorrhages, intraretinal microvascular abnormalities, 
solid exudates, ischemia, and detachment of the posterior 
hyaloids membrane) and DME [1]. Severity of DR 
and DMP was graded as per the 2002 guidelines of the 
American Academy of Ophthalmology.

Informed consent was obtained from all participants. 
Study design and protocol were approved by the Bioethics 
Committee. 

Patients underwent an eye examination which included 
visual acuity assessment, static Humphrey perimetry, 
refractometry, slit lamp biomicroscopy, gonioscopy, 
ophthalmoscopy with Volk Super Field lens and Goldmann 
three-mirror lens (Volk Optical, Mentor, OH) and fundus 
photography (the ETDRS seven standard fields) with the 
fundus camera TRC-NW7SF (Topcon, Tokyo, Japan). 
In addition, they underwent spectral domain optical 
coherence tomography (SD-OCT; Copernicus REVO, 
Optopol Technology Sp, zo.o, Zawiercie, Poland; scan 
programs, 3D and Raster) and SD-OCT angiography 
(Copernicus REVO). Fluoresecent angiography (FA) was 
performed with the fundus camera if (a) mild vitreoretinal 
neovascularization was suspected but not identified with 
ophthalmoscopy or fundus photography or (b) the visual 
function did not correspond either to ophthalmoscopic 
changes in the macula or OCT findings.

Platelets were isolated by centrifugation of patient’s 
citrated peripheral blood and used to assess the functional 
activity of receptors. We used the following agonists 
involved in the pathogenesis of DM2: adenosine 
diphosphate (ADP) which reflects the level of activation 
of purin receptors P2Y1 and P2Y12; adrenaline, a humoral 
factor, whose level increases under conditions of stress 
response; angiotensin II (ANG II), a humoral factor, 
whose level increases following activation of the renin-
angiotensin system; platelet activation factor (PAF), a 
paracrine mediator that ensures both platelet stimulation 
and platelet- white blood cell interaction in inflammation; 
and collagen, which reflects the effect of extracellular 
matrix remodeling. The agonists were obtained from 
Sigma (St. Louis, MO) and used in EC50 concentrations 
(adrenaline, 2.5±0.1 μm; collagen, 1.0±0.03 μg/mL; 
ANG II, 1.0±0.06 μm; PAF, 75.0±2.6 μm and ADP, 
2.5±0.05 μm) to produce 50% ± 5 % of the maximum 
rate of aggregation. Platelet aggregation was assessed by 
established spectrophotometric methods with a Chrono-
Log aggregometer (Chrono-Log Corp, Havertown, PA).

Statistical analyses with the use of methods for 
building single and multi-factor logistic regression models 
and neural network models were conducted to specify 
the major determinants of risk for developing DME 
[12]. Analysis tasks included (1) specifying independent 

variables which have the most significant effect on the risk 
of developing DME in DR and (2) building a model for 
predicting the risk of DME in patients with DR.

Results and Discussion
Logistic regression models were developed and 

subjected to analysis to identify independent variables 
associated with the risk for DME and assess the association 
of these variables with this risk. In the first stage of the 
study, we developed single-factor models predicting 
DME based on platelet aggregation values for each of the 
agonists (Table 1).

The risk for DME was mildly associated (p < 0.05) 
with the levels of platelet aggregation induced by ANG 
II, collagen and PAF, whereas the relationships of the 
risk with the levels of platelet aggregation induced by 
the two other agonists, adrenaline and ADP, were not 
statistically significant (p > 0.05). In addition, the risk 
for DME increased with an increase in ANG II-induced 
percent of platelet aggregation (OR=1.05; 95 % CI, 1.00-
1.09; p=0.04) and with an increase in PAF-induced percent 
of platelet aggregation (OR=1.07; 95 % CI, 1.00-1.14; 
p=0.048), and decreased with an increase in collagen-
induced percent of platelet aggregation (OR=0.96; 95 % 
CI, 0.93-0.99; p=0.007). Therefore, one may state that 
the potential of single-factor logistic regression models 
to predict DME based on induced platelet aggregation is 
limited.

We developed multifactor logistic regression models 
to identify a set of independent variables associated with 
the risk for DME. The following independent variables 
were subjected to analysis: age, gender, group (stage of 
DR), blood glucose level, and ANG II-, ADP-, adrenaline-, 
PAF-, and collagen-induced platelet aggregations. 
Stepwise inclusion/exclusion of independent variables 
into the regression model was determined by F probability 
of p < 0.1 for inclusion and p > 0.3 for exclusion. In this 
way, a set of five significant risk factors for DME (group 
or stage of DR, and ANG II-, adrenaline-, PAF-, and 
collagen-induced platelet aggregations) was selected, and 
used to build a multifactor logistic regression model for 
predicting the risk of DME (Table 2). There were moderate 
associations of the risk of DME with selected independent 
variables (group (stage of DR), and ANG II-, adrenaline-, 
PAF-, and collagen-induced platelet aggregations). 
In addition, the risk for DME increased with one per 
cent increases in adrenaline-induced percent of platelet 
aggregation (OR=1.09; 95 % CI, 1.01-1.18) and in PAF-
induced percent of platelet aggregation (OR=1.10; 95 % 
CI, 1.01-1.18), and decreased with a one per cent increase 
in collagen-induced percent of platelet aggregation 
(OR=0.95; 95 % CI, 0.90-1.00). Moreover, there was a 
tendency to increase in the risk for DME with an increase 
in ANG II-induced platelet aggregation. After adjustment 
for other risk factors, patients with PDR had higher odds 
of developing DME than those with NPDR (OR=5.8; 95 
% CI, 1.0-34.8). 
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In the current study, we demonstrated that the stage 
of DR can be predicted based on the two independent 
variables, collagen- and ADP-induced platelet 
aggregations. Since this association was found to be non-
linear, it was reasonable to try to develop a non-linear 
neural network model (specifically, a multilayer perception 
model, or MLP) for predicting the risk for DME based on 
the already preselected five independent variables. Neural 
network analysis revealed non-linear associations of this 
risk with only three independent variables (ANG II-, PAF-
, and collagen-induced platelet aggregations) of these 
five. Fig. 1 presents the architecture of the neural network 
prediction model developed based on the selected set of 
independent variables.

Receiver operating characteristic (ROC) curve analysis 
was used to check the two risk prediction models, the neural 
network prediction model based on the three independent 
variables and the logistic regression model based on the 
five independent variables, for adequacy (Fig. 2). 

The area under curve for the former model was 
AUCMLP=0.82 (95% CI, 0.73-0.89; P < 0.0001), and 
for the latter model, AUClog=0.79 (95% CI, 0.69-0.86; 
P < 0.0001), indicating that both developed models 
were adequate for predicting the risk of DME in DR. At 
the same time, a decrease in the number of independent 
variables (from 5 to 3) for the MLP model was not 
accompanied by deterioration of model performance in 
terms of prediction characteristics, indicating that (a) the 
risk of DME in DR was associated with the levels of ANG 
II-, PAF-, and collagen-induced platelet aggregations, and 
(b) the identified association was significantly non-linear 
and could not be completely represented in the logistic 
(multiplicative) model. 

In order to choose an appropriate cutoff level for the 
MLP model, we used the method for minimization of 
mean cumulative error of false positive (FP) and false 
negative (FN) predictions (Zweig & Campbell, 1993). 
False positive and false negative costs were set to 1 
(FP=FN=1). The following prediction characteristics were 
obtained for the MLP model while choosing appropriate 
cutoff level: (a) sensitivity, 77.1% (95% CI, 64.5%-
86.8%); (b) specificity, 78.1% (95% CI, 62.4%-89.4%); 
(c) positive predictive value (edema is indeed present if 
the model predicts it), 83.9% (95% CI, 74.3%-90.4%); and 
(d) negative predictive value (edema is indeed absent if 
the model predicts a low risk of edema), 69.6% (95% CI, 
58.4%-78.8%).

The model not only confirmed previous reports on 
possible causes of DME (chronic inflammation with 
associated fibrosis of the retina and choroid and activation 
of the renin-angiotensin system [1]), but also demonstrated 
the interplay of these factors of DR pathogenesis in the 
development of DME.

Therefore, our in vitro study of the potential of ANG 
II, PAF, and collagen to interplay in platelet activation 
not only improved our understanding of the mechanisms 
of thrombogenesis in DR and DM2, but also allowed 
to assess possible risks for the development of DME 
associated with activation of the renin-angiotensin system 
and chronic inflammation with associated fibrosis of the 
retina.

The model was implemented in Microsoft Excel 
(“ME_Prognose.xls”) spreadsheet for ease of use in 
clinical practice. The interface of the prediction system is 
presented in Fig. 3.

In the model, the user will enter patient’s agonist-
induced platelet aggregation values, and interpret the 
dependent variable (Y), the probability, as an assessment 
of how likely it is that DME occurs. The cut-off value Ycrit 
=0.502 allows assessment of the probability that DME 
will occur to a given patient: if Y>Ycri, the model yields 
a positive prediction (a “High risk of macular edema”); 
otherwise, the prediction is negative.

Analysis of functional activity of platelets in DR allowed 
us to form mental representations of the factors which can 
provoke the platelet proaggregating status and cause retinal 
microcirculatory impairments and DME. Of the identified 
risk factors for DME (activation of the sympathoadrenal 
system, activation of the renin-angiotensin system and 
inflammation), it was platelet hyperreactivity to ANG II 
which could cause the development of DME. There could 
be various mechanisms for this effect. In hyperglycemia, 
elevated ANG II levels through stimulation of AT1 
receptors cause breakdown in the retinal blood barrier 
resulting in upregulation of vascular endothelial growth 
factor (VEGF), intercellular matrix accumulation, and 
subsequent fibrosis [13, 14]. In addition, hyperglycemia 
stimulates up-regulation of angiotensinogen through the 
hexosamine metabolism pathway, and thus increases the 
synthesis of Ang II [15]. Blockade of AT1 receptors in 
endothelial cells and pericytes provides cytoprotective 
effects. An experimental study has demonstrated that 
inhibition of the renin-angiotensin system resulted in 
attenuation of the increased retinal vascular permeability 
in DM2, with restoration of intracellular protein trafficking 
across vessel walls [16]. Results of recent clinical trials 
have demonstrated the role of renin-angiotensin system 
blockers (angiotensin-converting enzyme inhibitors and 
ANG II receptor blockers) in reduction in the progression 
and/or induction of the regression of DR and DME [17].

Conclusion
First, we used modeling to establish that the increased 

platelet responses to ANG II, PAF and collagen are 
predictors of risk for DME in patients with DR and DM2. 
Second, we developed the neural network model for 
predicting the risk for DME based on the analysis of ANG 
II-, PAF- and collagen-induced platelet aggregation.
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Independent 
variables b±m p OR (95% CI)  Nagelkerke's R2

Adrenalin –0.018±0.021 0.38 – –

ADP 0.030±0.026 0.24 – –

Ang II 0.045±0.022 0.04 1.05 (1.00–1.09) 0.06

Collagen –0.043±0.016 0.007 0.96 (0.93–0.99) 0.10

PAF 0.065±0.033 0.048 1.07 (1.00–1.14) 0.06

Independent 
variables b±m р OR (95% CI) Nagelkerke's R2

Adrenalin 0.085 ± 0.041 0.03 1.09 (1.01–1.18)

0.31

PAF 0.092 ± 0.040 0.02 1.10 (1.01–1.18)

Collagen –0.053 ±0.026 0.046 0.95 (0.90–1.00)

Ang II 0.048±0.031 0.12 –

Group V2 vs V1 0.33±0.78 0.68 –

Group V3 vs V1 1.77±0.91 0.05 5.8 (1.0–34.8)

Table 2. Associations of risk for DME with risk factors (5-factor logistic regression model)

Table 1. Associations of risk for DME with adrenalin-, adenosine diphosphate (ADP)-, angiotensin II (ANG II)-, collagen-, and 
platelet activation factor (PAF)-induced platelet aggregations (single-factor logistic regression models)

Note: b±m, regression beta-coefficient and its standard error; p, significance of difference from 0; OR, odds ratio; CI, confidence 
interval for OR; Nagelkerke's R2, coefficient of determination for regression model

Notes: V1, mild NPDR; V2, moderate or severe NPDR; V3, PDR; b±m, regression beta-coefficient and its standard 
error; p, significance of difference from 0; OR, odds ratio; CI, confidence interval for OR; Nagelkerke's R2, coefficient of 
determination for regression model
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Fig. 1. Architecture of a 3-factor neural network model 
for predicting the risk for DME. 

Note: X1, X2, X3, ANG II-, PAF-and collagen-induced 
platelet aggregation, respectively (input layer neurons); 
Y, probability of risk for DME (output layer neuron). Gray 
squares represent hidden layer neurons. 

Fig. 2. Receiver operating characteristic curves for DME 
prediction models: 1, 3-factor neural network model; 2, 
5-factor logistic regression model.

Fig. 3. Interface of the system for predicting the risk of DME in the 3-factor neural network MLP model.


