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Abstract Diabetic retinopathy (DR) is a sight threatening
complication due to diabetes mellitus that affects the retina.
In this article, a computerised DR grading system, which
digitally analyses retinal fundus image, is used to measure
foveal avascular zone. A v-fold cross-validation method is
applied to the FINDeRS database to evaluate the perfor-
mance of the DR system. It is shown that the system
achieved sensitivity of >84%, specificity of >97% and
accuracy of >95% for all DR stages. At high values of
sensitivity (>95%), specificity (>97%) and accuracy
(>98%) obtained for No DR and severe NPDR/PDR stages,
the computerised DR grading system is suitable for early
detection of DR and for effective treatment of severe cases.

Keywords Diabetic retinopathy grading - Foveal
avascular zone - Medical image analysis -
Retinal fundus images

1 Introduction

Diabetic retinopathy (DR) is a sight threatening compli-
cation due to diabetes mellitus that affects the retina. DR
severity can be classified into five levels, namely no DR,
mild non-proliferative diabetic retinopathy (NPDR), mod-
erate NPDR, severe NPDR and proliferative diabetic reti-
nopathy (PDR) [8]. According to National Eye Database
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2007, among 10,856 Malaysian populations with diabetes,
36.8% has any form of DR, of which 7.1% comprises
proliferative diabetic retinopathy [16].

The determination of DR severity is important in treat-
ing the disease. At present, an International clinical dia-
betic retinopathy disease severity scale shown in Table 1 is
used in grading of DR [8]. Using the International clinical
diabetic retinopathy disease severity scale, an ophthal-
mologist needs to observe and determine DR-related
abnormalities present in the retinal fundus image.

The above pathology-based method is time consuming
and often requires fluorescein angiograms for accurate
diagnosis. It requires highly trained and skilled clinicians to
perform the DR severity grading method.

There are a number of automatic detection systems for
DR that are based on one or more features such as blood
vessels, exudates, microaneurysms, texture and distances
(between the exudates and foveas) reported in scientific
literatures [21, 24, 30, 37, 39, 40]. These systems use
different classifiers for different type of features. Yun et al.
[40] reported the use of area and perimeter features of the
RGB components of blood vessels in retinal fundus images
with feed-forward neural network classifiers to determine
DR stages—normal, mild moderate NPDR, severe NPDR
and PDR stages. The system achieved an average effi-
ciency of 84%, sensitivity of 90% and specificity of 100%.
Nayak et al. [30] proposed a neural network system based
on area of exudates, blood vessels and texture parameters
to classify into normal, NPDR and PDR stages. The system
achieved a detection accuracy of 93%, sensitivity and
specificity of 90 and 100%, respectively. In Kahai et al.
[23] a Bayes decision support system with optimality
criteria is used to identify early stages of DR based on
microaneurysms with a sensitivity of 100% and specificity
of 67%.
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Table 1 International clinical

. . . . Proposed disease severity level
diabetic retinopathy disease P Y

Findings observable upon dilated ophthalmoscopy

severity scale [8] No apparent retinopathy

Mild non-proliferative diabetic retinopathy

Moderate non-proliferative diabetic

retinopathy

Severe non-proliferative diabetic retinopathy

Proliferative diabetic retinopathy

No abnormalities
Microaneurysms only

More than just microaneurysms but less than Severe
NPDR

Any of the following:
1. >20 intraretinal haemorrhages in each of 4 quadrants.
2. Definite venous beading in 2 + quadrants.

3. Prominent intraretinal microvascular abnormalities
in 1 4 quadrant.

3. No signs of proliferative retinopathy.
One or more of the following:
1. Neovascularization

2. Vitreous/pre-retinal haemorrhage

Perifovealcapillary

network
\f::s
()

\ A

Fig. 1 Fundus fluorescein angiography shows the perifoveal capil-
lary network in FAZ

It has also been reported in medical literature that bio-
logically, the foveal avascular zone (FAZ) enlarges in
diabetic retinopathy (DR) cases due to loss of capillaries in
the perifoveal capillary network [10, 12, 13]. FAZ is the
fovea devoid of capillaries in the macula and can be rep-
resented as a dark circle zone without vessels at the centre
of macula as shown in Fig. 1 [35]. It varies in size for
healthy subjects but usually has a diameter around 500 um
[22, 36, 41] and size of about 0.4 mm? [9, 26, 32]. The
enlargement of FAZ is not readily observable in retinal
fundus images but the effects are seen in fluorescein
angiograms for non-proliferative DR (NPDR) and also for
proliferative DR (PDR) cases [25].

Early detection of FAZ enlargement at NPDR stage will
enable clinicians to advise patients on better metabolic
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control in order to prevent progression of the disease to
PDR stage and visual loss.

In earlier studies, the authors have shown that the
enlargement of FAZ is strongly correlated to the progression
of DR stages; no DR, mild NPDR, moderate NPDR, severe
NPDR to PDR [2, 7, 20]. Digital image enhancement and
analysis techniques were developed to enable the effective
use of colour fundus images instead of fluorescein angio-
grams which requires injection of contrasting agents [15].

In this article, an observational clinical study has been
conducted to evaluate DR grading system using digital
analysis of retinal fundus images only. This avoids the need
of injecting contrasting agents as in the case of FFA.
A computerised DR monitoring and grading system has
been developed for this purpose and will be evaluated for
its performance.

2 Methodology

A non-invasive computerised DR system has been devel-
oped to implement a DR grading protocol based on FAZ
enlargement using retinal fundus images [1-3]. The system
composed of an external fundus camera that allows the
capture of non mydriatic retinal images (KOWA Non-Myd
7), which is connected to an image processing computer
that digitises and analyses retinal fundus images. In this DR
grading system, the size of the fundus image is 1936 x
1296 pixels captured at 45°.

3 FAZ analysis for DR grading
The retinal fundus image is digitally analysed to determine

the FAZ area for DR grading. The FAZ analysis can be
divided into four main processes as shown in Fig. 2.
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Fig. 2 Flowchart of DR grading algorithm

In the first process, the contrast of the retinal blood
vessels against the background image is enhanced. This
process is called contrast enhancement of retinal blood
vessels. There are two methods of contrast enhancement
used in the system, namely Contrast Limited Adaptive
Histogram Equalization (CLAHE) [33] and Independent
component analysis (ICA) [11, 18].

CLAHE, which is a window (tiles)-based enhancement
technique, is applied to increase the contrast of retinal
blood vessels to the background in both dark and bright
regions as it is more effective in enhancing vessels in
varying surroundings evenly and it outperforms other
global enhancement methods such as contrast stretching
and normal histogram equalisation [33]. The objective of
using CLAHE is to apply histogram equalisation within
small windows in the image. Grey level values are then
distributed evenly within the window to ensure hidden
features within the windows more visible. In this study, a
window size of 4 x 4 pixels is used. The previous study on
method to detect and reconstruct retinal vasculature map is
referred [6]. For vessel detection, the fundus image is ini-
tially enhanced using a mean filter followed by Contrast
Limited Adaptive Histogram Equalization (CLAHE) and
followed by bottom-hat morphological transformation to
extract retinal vasculature (blood vessels). Background
noise removal followed by contrast stretching is then car-
ried out to reduce unwanted line features in the background
due to morphological transformation.

ICA is a technique to determine the original signals
from mixtures of several independent sources [11, 18]. In

this case, enhancement of the low contrast of retinal blood
vessels in the digital fundus image is performed by deter-
mining the retinal pigments makeup, namely haemoglobin,
melanin and macular pigment using independent compo-
nent analysis. Independent component image owing to
haemoglobin obtained exhibits higher contrast retinal
blood vessels [4, 5]. Using the CLAHE-enhanced image,
the FAZ is determined by selecting centre point at the
macula followed by automatic vessel end points locations
around the macula. The automatic algorithm is based on
nearest distance from the centre point.

The second process is to segment retinal blood vessels in
the fundus image. The segmentation process is performed
based on Otsu’s thresholding [31]. Otsu uses between-class
variance as the measure of separability between classes.
The method utilises histogram information derived from
the input image. In order to evaluate the threshold value for
segmentation, the between-class variance is used as a dis-
criminant measure of class separability. The threshold
value which optimizes the between-class variance is
chosen.

The third process is to detect and select retinal blood
vessel end points at perifoveal capillary network to deter-
mine and calculate the FAZ area by connecting the end
points of retinal blood vessels. The detection of the retinal
blood vessel end points is performed by detecting all
nearest points to the centre of macula. FAZ area is formed
by connecting the detected points that encircle the perim-
eter of macula. In practice, the following procedure is
implemented. A point representing the centre of the mac-
ular region is initially chosen and a square area of
600 x 600 pixels centred at this point is cropped. Next,
segmented pixels resulted from the second process are
grouped into objects (object labelling) using 3 x 3 neigh-
bourhood. Then, the distances between the centre point and
all of pixels in the labelled objects are measured. The end
point is defined as the pixel with the shortest distance to the
centre point for a particular labelled object. Twelve equal
radial segments from the centre point are created. Within
each radial segment, the end points with the minimum
distance from the centre, r;, are selected. The selected end
points are only used if the distance is less than the mean
distance of all end points. The selected end points are
connected to form the FAZ area. The area of the deter-
mined FAZ region is computed below.

imax .jlnax
AS) =22
i=0 j=0

1(x;y;) (1)

I(x,y) is 1 if the pixel is within the shape, (x,y) € S, and 0
otherwise.

In the last step, a Gaussian Bayes classifier is used to
determine DR severity based on the measured FAZ area (in
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pixels) obtained from digital retinal fundus images. The
classifier uses Bayes theorem for pattern classification and
assumes that the classes have Gaussian distribution [14, 29,
34].

In a case of Gaussian Bayes classifier, if class w, and
are modelled by Gaussian distribution with mean p, and puy,
and variances o2 and o7, the log posterior probability ratio
(LPPR) can be written as

P(wg|x)
P(wp]x)

V(=) (=) 2 2 (2)
-3 ( = — 2 +log g, —loga,

+ (log P(w,) — log P(wp))

If the LPPR is greater than 0, then data x belongs to class
w,. Otherwise, data x belongs to class to class wy, [34].

For calibration of DR grading system, the ophthalmol-
ogists of Hospital Selayang are blinded to the grading data
of the computerised DR system. The grading data from the
computerised DR system and ophthalmologists are com-
pared and analysed using MATLAB®, Microsoft Excel®
and SPSS® software. The grading ranges of the comput-
erised DR monitoring and grading system are then cali-
brated for optimum accuracy needed for medical practice.

In grading of DR, the FAZ area (in pixels) is measured
for several known DR related fundus images to obtain FAZ
area ranges corresponding to the severity of DR. The FAZ
area ranges that overlap show progression of the disease
from a DR stage to the next. The categories of the ranges
used in this study are as follows:

(a) Range 1-No DR stage

(b) Range 2-Progression range from No DR to mild
NPDR

(c) Range 3-Mild NPDR

(d) Range 4-Progression range from mild NPDR to
moderate NPDR

(e) Range 5-Moderate NPDR

(f) Range 6-Progression range from moderate NPDR to
severe NPDR/PDR

(g) Range 7-Severe NPDR/PDR

4 V-Fold cross-validation for performance evaluation

In this study, V-Fold cross-validation (VFCV) is used to
evaluate the performance of the classifier [19, 28, 38]. The
VFCYV is chosen since the number of data is quite small to
be separated into training and testing data (number of data
for moderate NPDR is only 32). The VFCV algorithm
divides randomly data set D into V disjoint subsets T,
v=1, 2, 3... V with approximately equal size and
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iteratively performs the cross-validation V times. V-1 of the
subsets is used as a learning set and the one remaining
subset is used as a test set. An average of the results is used
to measure the performance of the developed system. The
VECV is also computationally feasible since V can be
chosen (generally between 5 and 10). In this study, V is set
to 5 (i.e., each subset consists of 20% of total number of
data) since the smallest sample size of the DR severity
level is 32 (i.e., moderate NPDR) in order to maintain
sufficient training sample size.

5 Results
5.1 Analysis of FAZ

According to the flowchart of DR grading algorithm in
Fig. 2, a digital colour retinal fundus image is enhanced
prior to obtaining a binary retinal blood vessels map. An
example of retinal fundus image is shown in Fig. 3a.
A CLAHE-based segmented fundus image shown macular
region is depicted in Fig. 3b. An alternative retinal blood
vessels enhancement based on ICA is performed to give
better visualisation of retinal capillary end points in the
perifoveal area as depicted in Fig. 3c [4, 5]. The automated
segmentation on CLAHE-based image does not always
give accurate vessel end points due to the low contrast of
the fundus image and the presence of pathologies near the
macula (Fig. 3b). To overcome this, the selected end points
are overlaid on the ICA-based images for manual pro-
cessing to obtain the more accurate estimation of vessel
end points (Fig. 3c). The obtained vessel end points are
then connected to each other for FAZ determination and
analysis (Fig. 3d).

6 Statistics of diabetic patients in the observational
clinical study

A total 256 patients were involved in the study. The FAZ
area is analysed for 315 fundus images (175 No DR, 52
mild NPDR, 32 moderate NPDR, 18 severe NPDR and 38
PDR) and the statistics of the FAZ areas according to DR
severity is shown in Table 2. Severe NPDR and PDR cases
are grouped together for the analysis as suggested by the
ophthalmologists. This is because severe NPDR and PDR
cases are clinically treated in a similar manner and thus it is
not crucial to distinguish between the two stages. The
collected 315 fundus images are saved into a database
called Fundus Image for Non-invasive Diabetic Retinopa-
thy System (FINDeRS). This database is currently waiting
for medical approval, and will be publicly available
thereafter.
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Fig. 3 Fundus image analysis
of FAZ. a Digital retinal fundus
image shown macular region.

b Extracted retinal vessels with J
end points in macular region
using CLAHE-based method.
¢ Vessel end points in macular
region are overlaid with the
ICA-enhanced image. d More
accurate estimation of vessel
end points shown FAZ area

Table 2 Statistics of FAZ areas for DR grading system

Macular region

FAZ area = 13042 pixels

&

FAZ area
No DR Mild NPDR Moderate NPDR Severe NPDR/PDR
No. of data 175 52 32 56
Mean (pixels) 13644.20 21041.17 27198.31 33933
Std. deviation (pixels) 2727.29 3709.95 3180.89 6787.10
Median (pixels) 13817.00 20177.50 27271.00 3221
Range (pixels) 12543 14200 12226 39507
Minimum (pixels) 6124 14002 21132 27051
Maximum (pixels) 18667 28202 33358 66558

It can be seen from Table 2 that the FAZ mean and
median areas increases as the DR stage progresses to a
more severe level. Based on the maximum and minimum
values of FAZ areas of each DR stage, the ranges of FAZ
area for the DR stages overlap. Therefore, an effective and
reliable DR severity classification technique has to be
developed to handle the overlapping ranges.

7 DR grading using Gaussian Bayes classifier

The LPPR between two selected stages can be computed
using the corresponding mean and standard deviation data
from Table 2 and applying Eq. 2. From the LPPR, the
thresholds of FAZ area ranges for DR grading are deter-
mined as shown in Fig. 4. The selected two stages are
as follows, No DR and Mild NPDR, Mild NPDR and

Moderate NPDR, Moderate NPDR and Severe NPDR/
PDR. For example, if LPPR between No DR and Mild
NPDR is greater than O, then the DR grade is categorised as
No DR. Otherwise, the DR grade is categorised as Mild
NPDR. The LPPR is also calculated for other stages of DR
grades.

Table 3 shows the range of FAZ area (in pixels) for the
DR grade for different LPPR settings for the Gaussian
Bayes classifier.

From Table 3, it can be seen that the ranges of DR
grades do not include progression (in between) stages for
LPPR = 0. Progression stages are important to give early
indication to patients of the DR progression to more severe
stages. In Gaussian Bayes classifier, progression stages can
be obtained by setting LPPR # 0. Table 3 also illustrates
the DR grading ranges for three different non-zero LPPR
thresholds of the Gaussian Bayes classifier.

@ Springer



Med Biol Eng Comput

—— No DR - Mild
e Mild - Moderate
—— Moderate — Severe/ PDR

0 30000 40000

LPPR

FAZ area (in pixels)
Fig. 4 Log posterior probability ratio (LPPR) for DR grading

The receiver operating characteristic (ROC) analysis is
used to find the optimum non-zero LPPR setting. For ROC,
the sensitivity and specificity must be determined [17, 27,
42]. Sensitivity measures the proportion of actual positives
which are correctly identified and specificity measures the
proportion of negatives which are correctly identified. The
ROC curve is a plot of sensitivity against 1-specificity
across a range of possible thresholds. In addition, accuracy
gives overall performance of the classifier.

Using ROC analysis, an optimum threshold is deter-
mined for the system by choosing a threshold, which gives

Table 3 DR grades with progression stages for different LPPRs

an operating point that lies nearest to the reference point.
Based on the nearest distance between an operating point
and the reference point in the ROC curve, the optimum
classifier for each DR stage can be determined. ROC
analysis is applied on training data for each iteration of
VFCV method to evaluate the performance of the DR
system. Using VFCV, data is divided into five subsets to
perform five iterations. At each iteration, four subsets are
used to train the system while the remaining subset is used
test the system. Table 4 shows the performance of the DR
system classifier in terms of average sensitivity, specificity
and accuracy from the total five iterations.

8 Discussion

As shown in Table 4, the values of sensitivity, specificity
and accuracy vary among DR stages. The sensitivity value
for the classifier of Mild NPDR has similar value with that
of Moderate NPDR (around 84%). This indicates that the
classifier has lower ability to correctly detect a patient
suffering from Mild or Moderate NPDR when the patient
actually having Mild or Moderate NPDR compared with
other DR stages (No DR and Severe/PDR stages). It hap-
pens since the overlapping FAZ areas in Mild and Mod-
erate NPDR are more than that of other DR stages. It can
be minimised by increasing the number of training data for
Mild and Moderate NPDR. However, the classifier shows
high specificity for Mild and Moderate NPDR (>97%).

Stage FAZ area range (pixels)
LPPR =0 —0.25 < LPPR < 0.25 —0.5 <LPPR < 0.5 —0.75 < LPPR < 0.75

No DR 1-18702 1-18405 1-18101 1-17789
Progression no DR to Mild NPDR - 18406-18731 18102-19278 17790-19558

Mild NPDR 18703-25002 18732-24513 19279-24036 19559-23569
Progression Mild to Moderate NPDR - 24514-25503 24037-26109 23570-26549
Moderate NPDR 25003-29939 25504-29177 26110-28224 26550-26734
Progression moderate to severe NPDR - 29178-30593 28225-31175 26735-31703

Severe NPDR/PDR 29940-45431 30594-100000 31176-100000 31704-100000

Table 4 Performance analysis of the DR system classifier

Classifier Sensitivity (%) Specificity (%) Accuracy (%)
No DR-DR 100 979 £ 3.1 9.1 £ 14
Mild NPDR-other stages 841+ 114 992 £ 1.0 96.8 £ 1.9
Moderate NPDR-other stages 84.2 + 16.8 97.1 £3.6 959 £45
Severe/PDR—other stages 95 £75 98.8 + 1.1 98.1 + 2.0
System performance (average) 90.81 98.29 97.46
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This implies that the classifier is sensitive to other DR
stages. The high values of accuracy for all DR stages imply
that the system can detect a particular stage with high
sensitivity and specificity. The DR system consistently
maintains high sensitivity (90.81%), specificity (98.29%)
and accuracy (97.46%) for all DR stages. Moreover, high
values of sensitivity (>95%), specificity (>97%) and
accuracy (>98%) obtained for No DR and Severe NPDR/
PDR stages indicate that the DR grading system is suitable
for early detection of DR and for effective treatment of
severe cases.

For future research, the data can be enlarged to give
further confidence of the results. The validity of the pro-
posed DR grading method can be further established by
performing cross-validation based on expert opinions. The
performance of this DR grading method can also be eval-
uated for different demographic data.
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