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Abstract
Introduction: We aimed to investigate the intergrader and intragrader reliability of human 

graders and an automated algorithm for vertical cup-disc ratio (CDR) grading in colour fundus 
photographs. Materials and Methods: Two-hundred fundus photographs were selected from a 
database of 3000 photographs of patients screened at a tertiary ophthalmology referral centre. 
The graders included glaucoma specialists (n = 3), general ophthalmologists (n = 2), optometrists 
(n = 2), family physicians (n = 2) and a novel automated algorithm (AA). In total, 2 rounds of 
CDR grading were held for each grader on 2 different dates, with the photographs presented 
in random order. The CDR values were graded as 0.1-1.0 or ungradable. The grading results 
of the 2 senior glaucoma specialists were used as the reference benchmarks for comparison. 
Results: The intraclass correlation coefficient  values ranged from 0.37-0.74 and 0.47-0.97 
for intergrader and intragrader reliability, respectively. There was no significant correlation 
between the human graders’ level of reliability and their years of experience in grading 
CDR (P = 0.91). The area under the curve (AUC) value of the AA was 0.847 (comparable to 
AUC value of 0.876 for the glaucoma specialist). Bland Altman plots demonstrated that the 
AA’s performance was at least comparable to a glaucoma specialist. Conclusion: The results 
suggest that AA is comparable to and may have more consistent performance than human 
graders in CDR grading of fundus photographs. This may have potential application as a 
screening tool to help detect asymptomatic glaucoma-suspect patients in the community.  
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Introduction
Glaucoma is one of the world’s leading causes of 

irreversible blindness, with certain types of glaucoma such 
as angle-closure glaucoma being more prevalent in East 
Asia.1 The global prevalence is currently estimated to be 
3.54% in those aged 40-80 years old.2 People affected by 
glaucoma in 2013 was estimated to be 64.3 million.2 This is 
expected to rise to 111.8 million by 2040.2 This trend of an 
increasing eye disease burden is also expected to be seen in  
Singapore in future.3,4 As glaucoma is asymptomatic in the 
early stages, it is important for early detection and diagnosis 
so that blindness may be prevented with early treatment.5 

Glaucoma is primarily diagnosed by ophthalmologists in 
tertiary eye care and commonly after incidental findings of 
high intraocular pressure or a raised vertical cup-disc ratio 
(CDR) detected on retinal photographs.

Apart from a simple colour photograph, there are other 
methods of glaucoma screening, such as the use of tonometry, 
the Van Herrick method, optical coherence tomography 
(OCT), OCT-angiography, macula vessel density, ganglion 
cell inner plexiform layer thickness and automated perimetry 
tests.6-9 Studies have shown that the determination of the 
optic disc margin based on colour photographs does not 
always correlate with the Bruch’s membrane opening, 
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which should be the anatomically correct disc margin.10,11 

This leads to a mismatch between the clinically perceived 
disc margin and the true Bruch’s membrane opening, 
which can be detected by OCT.10 This can cause errors in 
the estimation of the optic disc size and therefore errors 
in CDR estimation. Hence, OCT had been proposed to 
be used in clinical assessment for better accuracy and 
consistency at measuring CDR.12 Accurate measurement 
of CDR is important as variability in measurements may 
affect the risk estimation and subsequent management of 
patients who are glaucoma-suspects.13 However, many of 
the above approaches require expensive bulky equipment 
and are usually not practical for screening purposes. Primary 
care physicians often use colour fundus photographs as the 
main ocular screening modality as there is a large number 
of diabetic patients who require regular diabetic retinopathy 
screening. Most fundus photographs are either optic disc 
or macula centred images and the optic nerve head can be 
analysed for features of glaucomatous optic neuropathy, 
especially raised vertical CDR. 

The optic nerve head appearance―in particular the vertical 
CDR―is usually determined subjectively by a grader 
who can include one of the following: ophthalmologists, 
optometrists, primary care physicians, trained graders or 
research staff within a grading centre. Studies have shown 
that this is prone to high intra and intergrader variability 
which could be worse in real-world clinical setting that is 
typically without standardised training.14 As such, the use 
of automated algorithms (AA) in the detection of vertical 
CDR on optic disc photos might have the potential to be 
used in mass screening settings.

For the current study, we aimed to determine the intergrader 
and intragrader reliability between different professionals 
namely glaucoma specialists, general ophthalmologists, 
family physicians and optometrists. In addition, we aimed 
to validate and compare human grading with a novel AA in 
determining vertical CDR from colour fundus photographs.

Materials and Methods
This study was approved by the Domain Specific Review 

Board of the National Healthcare Group in Singapore. 
Fundus photographs were obtained from patients who came 
for routine eye screening at the ophthalmology department 
of a tertiary referral hospital. The photographs were taken 
using VISUCAMPRO NM (Carl Zeiss Meditec Inc., United 
States of America). We selected 200 macular-centred fundus 
photographs for the grading process. The photographs 
were selected to show optic discs with different vertical 
CDR as well as poor quality images of optic discs. The 
photographs were grouped as vertical CDR 0.1-0.2, 0.3-
0.4, 0.5-0.6, 0.7-0.8, 0.9-1.0 and ungradable images. The 

sample photographs of each group are shown in Figure 1. 
There were 33, 33, 33, 34, 34 and 33 photographs in each 
group, respectively.

In this study, graders with different levels of experience 
in assessing vertical CDR on colour photographs were 
included. They included glaucoma specialists (n = 3), 
general ophthalmologists (n = 2), family physicians (n = 
2) and optometrists (n = 2). Of the glaucoma specialists, 
there were 2 fellowship-trained glaucoma senior specialists, 
each with more than 10 years of experience, while another 
was a glaucoma specialist with 5 years of experience. One 
general ophthalmologist had 10 years of experience and the 
other had 5 years of experience. Both optometrists had at 
least 5 years of experience working in an ophthalmology 
department of a tertiary hospital. Both family physicians 
included in this study had basic knowledge of the optic 
nerve head anatomy but had graded less than 10 colour 
fundus photographs a year.

Fig. 1. Sample photographs of each vertical cup-disc ratio group. 
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The newly developed AA assessed in this study is  
currently an unvalidated system in large-scale clinical 
settings, particularly in Asia. It had been tested on various 
known datasets of mixed-ethnic groups, achieving 
comparable performance of what is state-of-the-art in the 
literature.15 The AA is mainly based on a deep learning 
model named U-Net, which is a U-shaped convolutional 
network originally developed for biomedical image 
segmentation. We developed a modified U-Net model for 
optic disc and cup segmentation. The proposed optic disc 
and cup segmentation procedure involves 2 main steps. A 
colour fundus image is firstly preprocessed with contrast 
enhancement, followed by resizing to the dimension of 512 
× 512 pixels. Then, our single-label modified U-Net model 
is applied to roughly segment the optic disc region in the 
image as the region of interest (ROI). In step 2, the ROI is 
resized to the dimension of 512 × 512 pixels. Our multilabel 
U-Net model is employed to segment the optic disc and cup 
simultaneously. The predicted optic disc and cup from step 
2 are further processed via a morphological postprocessing 
module for the finetuning of their boundaries. Finally, 
vertical CDR is calculated using the vertical diameter of 
the optic cup versus that of the optic disc.

Graders reviewed and graded all 200 fundus photographs 
independently. Each photograph was graded with vertical 
CDR to 1 decimal place or as “ungradable”. “Ungradable” 
was defined as a poor quality photograph including 
unfocused image of the optic disc and obstruction over the 
optic disc that precluded grading. Two rounds of grading 
were conducted for each human grader using the same 
200 photographs on 2 different dates. During the second 
round of grading, the photographs were presented back to 
them at random, in a different order compared to the first 
round of grading.

Statistical analysis was carried out using SPSS Statistics 
(Version 25). The gradings by the 2 senior glaucoma  
specialists were set as “gold standards” in the study to serve 
as the 2 reference points for comparison to other graders. 
Analysis was carried out to assess intragrader and intergrader 
reliabilitiy. This was measured by the intraclass correlation 
coefficient (ICC). The ICC can be categorised into different 
levels of reliability. Values <0.5 indicate poor reliability, 
0.5-0.75 indicate moderate reliability, 0.75-0.9 indicate 
good reliability and >0.90 indicate excellent reliability.16 

Statistical significance was set at P <0.05. Correlation 
between levels of reliability and years of experience were  
assessed using logistic regression. Correlation was also 
assessed using Bland Altman plots.

In addition, receiver operating characteristic (ROC) 
curves were plotted. ROC serves to assess characteristics 
of the AA via area under the curve (AUC). Outcomes in the 

ROC curve were dichotomised into binary outcomes based 
on the senior glaucoma specialists’ gradings of “Normal 
CDR” and “Referable CDR” (with CDR values of <0.6 
being classified as “Normal CDR”). The cut-off value of 
0.6 was chosen because once CDR ≥0.6, the probability of 
abnormality increases dramatically.17 Ungradable images 
were also classified under “Referable CDR”. This division 
was to determine the functional capability of the AA (if 
adapted in future for community eye screening) to classify 
patients correctly into the 2 categories―healthy individuals 
or individuals who are potential glaucoma-suspects that 
need further specialist assessment. 

Results
The results of  intergrader reliability are shown in Table 

1 with senior glaucoma specialist 1 as the reference. Table 
2 shows the intergrader reliabilitiy with senior glaucoma 
specialist 2 as the reference. Both senior glaucoma  specialists 
achieved moderate intergrader reliability.  ICC values showed 
a “moderate” level of reliability for most of our graders 
compared to the reference grader. One grader (optometrist) 
exhibited a “poor” level of intergrader reliability (ICC 
0.37). Interestingly, there was no significant correlation 
between the graders’ level of intergrader reliability and their 
experience in CDR grading (Table 3). The family physician 
group―who had minimal grading experience―was able to 
display a similar level of reliability to that of the glaucoma 
specialists. On the other hand, for the optometrists―despite 
having similar experience―there was a large disparity in 
their levels of reliability.

The intragrader reliabilitiy are shown in Table 4. Once 
again, there was no relationship between grader experience 

Table 1. Intergrader Reliability in Vertical Cup-Disc Ratio Grading 
(Senior Glaucoma Specialist 1 As Reference)

Intergrader Reliability

Intraclass 
Correlation 
Coefficient

95% 
Confidence 

Interval

P 
Value

Level of 
Reliability

Senior glaucoma 
specialist 2

0.69 0.46 ‒ 0.80 <0.001 Moderate

Glaucoma 
specialist

0.69 0.61 ‒ 0.76 <0.001 Moderate

General 
ophthalmologist 1

0.70 0.62 ‒ 0.76 <0.001 Moderate

General 
ophthalmologist 2

0.71 0.62 ‒ 0.77 <0.001 Moderate

Optometrist 1 0.74 0.67 ‒ 0.80 <0.001 Moderate

Optometrist 2 0.37 0.19 ‒ 0.52 <0.001 Poor

Family physician 1 0.61 0.51 ‒ 0.69 <0.001 Moderate

Family physician 2 0.67 0.58 ‒ 0.74 <0.001 Moderate

Automated 
algorithm

0.52 0.39 ‒ 0.63 <0.001 Moderate
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and level of  intragrader reliability (Table 3). Senior glaucoma  
specialist 2, who served as one of the reference standards, 
achieved an “excellent” level of intragrader reliability. One 
of the optometrists and a general ophthalmologist achieved 
a “good” level of intragrader reliability, which was better 
than the glaucoma specialist.

The ROC curves were plotted for the AA and senior 
glaucoma specialist 1 (Fig. 2) and for senior glaucoma  
specialist 2 (Fig. 3). In comparison to the reference 
standard set by senior glaucoma specialist 1, AUC for the 
AA was 0.829 (comparable to the AUC value of 0.823 of 
the glaucoma specialist). Comparing to senior glaucoma 
specialist 2, the AUC for AA was 0.847, while AUC of the 
glaucoma specialist was 0.876. These results suggest that the 
AA grader had discriminative power that was comparable 
to that of a glaucoma specialist.18

Table 2. Intergrader Reliabilitiy in Vertical Cup-Disc Ratio Grading 
(Senior Glaucoma Specialist 2 As Reference)

Intergrader Reliability

Intraclass 
Correlation 
Coefficient

95% 
Confidence 

Interval

P 
Value

Level of 
Reliability

Senior glaucoma  
specialist 1

0.69 0.46 ‒ 0.80 <0.001 Moderate

Glaucoma 
specialist

0.71 0.60 ‒ 0.80 <0.001 Moderate

General 
ophthalmologist 1

0.72 0.41 ‒ 0.64 <0.001 Moderate

General 
ophthalmologist 2

0.49 0.16 ‒ 0.69 <0.001 Poor

Optometrist 1 0.73 0.54 ‒ 0.83 <0.001 Moderate

Optometrist 2 0.37 0.21 ‒ 0.45 <0.001 Poor

Family physician 1 0.66 0.49 ‒ 0.77 <0.001 Moderate

Family physician 2 0.55 0.19 ‒ 0.74 <0.001 Moderate

Automated 
algorithm

0.65 0.55 ‒ 0.72 <0.001 Moderate

Table 3. Correlation Between Grader Experience and Reliability Levels 
(Senior Glaucoma Specialist 1 As Reference)

Years of 
Experi-

ence

Inter-
grader 

Reliability

P 
Value

Intra-
grader 

Reliability

P 
Value

Glaucoma 
specialist

5 Moderate 0.91 Moderate 0.57

General oph-
thalmologist 1

10 Moderate 0.91 Moderate 0.57

General oph-
thalmologist 2

5 Moderate 0.91 Good 0.57

Optometrist 1 5 Moderate 0.91  Moderate 0.57

Optometrist 2 5 Poor 0.91 Good 0.57

Family physician 1 0 Moderate 0.91 Poor 0.57

Family physician 2 0 Moderate 0.91 Moderate 0.57

Table 4. Intragrader Reliability in Vertical Cup-Disc Ratio Grading

Intergrader Reliability

Intraclass 
Correlation 
Coefficient

95% 
Confidence 

Interval

P 
Value

Level of 
Reliability

Senior glaucoma 
specialist 1

 0.70 0.61 ‒ 0.76 <0.001 Moderate 

Senior glaucoma 
specialist 2

0.97 0.96 ‒ 0.98 <0.001 Excellent

Glaucoma 
specialist

 0.71 0.63 ‒ 0.77 <0.001  Moderate

General 
ophthalmologist 1

0.87 0.83 ‒ 0.90 <0.001 Good

General 
ophthalmologist 2

0.64 0.55 ‒ 0.71 <0.001  Moderate

Optometrist 1 0.87 0.83 ‒ 0.90 <0.001 Good

Optometrist 2 0.47 0.36 ‒ 0.57 <0.001 Poor

Family physician 1 0.52 0.41 ‒ 0.61 <0.001 Moderate

Family physician 2 0.62 0.52 ‒ 0.70 <0.001 Moderate
Fig. 2. Receiver operating characteristic curves. A: Automated algorithm (senior 
glaucoma specialist 1). B: Glaucoma specialist (senior glaucoma specialist 1). 
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Fig. 3. Receiver operating characteristic curves. A: Automated algorithm (senior 
glaucoma specialist 2). B: Glaucoma specialist (senior glaucoma specialist 2). 

In addition, Bland Altman plots were performed. The 
plots compared the results of the AA against the 2 senior 
glaucoma specialists (Fig. 4). There appears to be more 
proportional bias in Figure 4A, which may be related to the 
poorer intragrader reliability of senior glaucoma specialist 
1 as compared to senior glaucoma specialist 2. Hence, for 
subsequent plots, senior glaucoma specialist 2 was used as 
the reference grader in comparison to other graders (Fig. 
5). Based on the plots, the AA appears to have reliability 
comparable to that of a glaucoma specialist.

Discussion
Fundus photography remains one of the most common 

and simplest methods for eye screening, especially for 
clinics located in the community where family medicine 
is practised. In such settings, sophisticated and expensive 
ophthalmology equipment are not practical or cost-effective. 
Hence, fundus photography remains a useful modality for 

Fig. 4. Bland Altman plots of the automated algorithms. A: Against senior 
glaucoma specialist 1. B: Against senior glaucoma specialist 2. 

the screening of ocular diseases and is the focus in the 
development of AAs for mass screening. Portable fundus 
cameras are also an option for use in tele-ophthalmology 
diagnosis of glaucoma  which can potentially benefit patients 
with mobility issues and who face difficulties visiting eye 
clinics due to the long distance from their homes.19,20 They 
may also benefit people living in more rural areas with 
minimal access to tertiary eye care. Use of the same imaging 
modality for subsequent fundus photographs will also allow 
monitoring of CDR and for the detection of any changes.21

Developing an AA system to determine CDR accurately 
does not come without challenges. Many methods have 
been previously proposed for the processes of optic 
disc extraction, optic cup extraction and peripapillary 
atrophy (PPA) localisation.22 Different methods exhibit 
different levels of accuracy.22 Various new AA systems 
are being developed for possible future use in glaucoma 
screening.23-25 Each system employs different techniques 
for glaucoma detection on colour fundus photographs. 
Some used OCT imaging for CDR calculation while 
another used a combination of structural and non-structural 
features for glaucoma detection.23,25 Shibata et al developed 
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Fig. 5. Bland Altman plots. A: Glaucoma specialist against senior glaucoma specialist 2. B: General ophthalmologist 1 against senior glaucoma specialist 2. C: 
General ophthalmologist 2 against senior glaucoma specialist 2. D: Optometrist 1 against senior glaucoma specialist 2. E: Optometrist 2 against senior glaucoma 
specialist 2. F: Family physician 1 against senior glaucoma specialist 2. G: Family physician 2 against senior glaucoma specialist 2. 
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an AA that showed higher diagnostic performance to 
their ophthalmology residents.26 Christopher et al also 
evaluated various deep learning architectures to assess their 
performance in detecting varying degrees of glaucomatous 
optic neuropathy in fundus photographs.27 Their best 
performing model achieved an AUC of 0.91 for healthy 
eyes, 0.89 in eyes with mild glaucoma and 0.97 in moderate 
to severe glaucomatous eyes.27 These 2 systems aimed to 
detect various glaucomatous changes, all at the same time 
based on retinal images alone and not just to calculate CDR. 
The changes included rim notching, laminar dot sign, disc 
edge haemorrhages and retinal nerve fibre layer defects.26 
In a previous study that is similar to ours, Muramatsu et al 
proposed a method of automated CDR determination on stereo 
fundus images via segmentation of the cup region using a 
depth map.28 AUC achieved by the AA system in that study 
was 0.90 compared to an ophthalmologist’s assessment.28 

In another recent study, Li et al presented a deep learning 
algorithm that achieved an AUC of 0.986 in detecting 
glaucomatous optic neuropathy on fundus photographs.29

Our study differs from those described as our main focus 
is for the AA to accurately determine only the vertical CDR 
from colour fundus photographs. The aim is for the AA 
to serve as an initial screening tool to detect glaucoma-
suspects and when found, the patients would still require 
prompt specialist assessment for diagnosis, monitoring and 
treatment. It is not meant to be a substitute for a full ocular 
assessment by an ophthalmologist. The method of detecting 
raised CDR is also simple and easier to comprehend, even 
for non-medical personnel. If any doubts arise when it is 
implemented in clinical practice, a trained human grader can 
help to verify the CDR determined by the AA. In contrast, 
verifying other signs of glaucomatous change on the optic 
nerve―such as rim notching and laminar dot sign―may 
not be as easy for the untrained grader. Unlike Muranatsu 
et al, we did not use stereo images in our study.28 Our aim 
is also for the AA to function in the community without 
advanced equipment such as stereo fundus photography. 
In our validation study, the AA’s AUC is very similar to 
that of a glaucoma specialist, suggesting that it can detect 
referable CDR accurately. With additional training, the AA 
system might be used as a good first-line screening tool 
in  large groups of people in the community, followed by 
subsequent assessment by doctors when there is suspicion  
of glaucoma. It is difficult to compare AAs in various 
studies because they were evaluated by different methods 
that used different public or private databases.

There is a significant amount of variability between 
observers in determining clinical vertical CDR.14 Our 
study also showed the inherent intergrader and intragrader 
variations in CDR assessment among different individuals. 

This is expected as the method of manual grading by 
looking at the physical appearance of the optic nerve is 
highly subjective. The reasons for this may be due to 
differences in prior training in grading colour fundus 
photographs, lack of stereoscopic views, variations in optic 
disc morphology and lack of familiarity in CDR grading.30,31 
Even between glaucoma specialists in our study, there is 
considerable intergrader variability.32 This suggests that a 
more standardised automated screening tool might be useful 
in improving consistency. First, it will minimise intergrader 
variations during colour fundus photograph grading of 
vertical CDR. Second, an AA will be faster in screening a 
large number of optic disc photographs. 

This study has various limitations. First, the number of 
fundus photographs was small and comprised only Asian 
eyes. In future, larger numbers of fundus photographs 
are needed to obtain results that will be representative 
of screening large numbers of people. The AA has yet to 
be validated on large-scale clinical datasets. In addition, 
before it can be applied in real life, it should ideally be 
evaluated under clinical conditions where a large number 
of patients with different demographics and ocular issues 
(e.g., presence of cataracts) are assessed. However, it is 
interesting to note that the current AA is also able to identify 
“ungradable” optic disc images and this would be useful 
in a clinical setting. Second, this study was done with 
assessment made in reference to CDR grading by either 1 
of the 2 designated “gold standard” graders who were senior 
glaucoma specialists. Identification of true glaucoma cases 
is inadequate and accurate CDR measurements are prone to 
grader variability. It will be better if fundus photographs are 
interpreted in conjunction with other ocular investigations, 
such as OCT scans of the retinal nerve fibre layers and 
visual field tests. This will enable the identification of true 
glaucoma patients and consistent CDR measurements, 
thereby creating an accurate reference for comparison to 
other graders.

In conclusion, we showed that there is significant inter 
and intragrader variability among human graders for 
vertical CDR in fundus photographs. The use of an AA is 
comparable to a glaucoma specialist and can potentially play 
an important role in mass screening of glaucoma-suspects. 
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