
Survey of Ophthalmology 69 (2024) 24–33

Available online 4 October 2023
0039-6257/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Review article 

Early diabetic eye damage: Comparing detection methods using 
diagnostic power 

Bhim B. Rai, PhD a,b,*,1, Joshua P. van Kleef, PhD a,b,2, Faran Sabeti, PhD a,c,3, Robin Vlieger, 
PhD d,4, Hanna Suominen, PhD b,d,e,5, Ted Maddess, PhD a,b,6 

a John Curtin School of Medical Research, Australian National University, Canberra, ACT, Australia 
b ANU Eccles Institute of Neuroscience, Australian National University, Canberra, ACT, Australia 
c School of Optometry, Faculty of Health, 2 University of Canberra, Canberra, ACT, Australia 
d ANU School of Computing, Australian National University, Canberra, ACT, Australia 
e University of Turku, Turku, Finland   

A R T I C L E  I N F O   

Keywords: 
Young people with diabetes 
Early diabetic retinopathy 
Diagnostic tests 
Effect size 
Visual function 
Retinal structure 
Combined measures 
Machine Learning 
Deep Learning 
Endpoints 

A B S T R A C T   

It is now clear that retinal neuropathy precedes classical microvascular retinopathy in diabetes. Therefore, tests 
that underpin useful new endpoints must provide high diagnostic power well before the onset of moderate 
diabetic retinopathy. Hence, we compare detection methods of early diabetic eye damage. We reviewed data 
from a range of functional and structural studies of early diabetic eye disease and computed standardized effect 
size as a measure of diagnostic power, allowing the studies to be compared quantitatively. We then derived 
minimum performance criteria for tests to provide useful clinical endpoints. This included the criteria that tests 
should be rapid and easy so that children with type 1 diabetes can be followed into adulthood with the same 
tests. We also defined attributes that lend test data to further improve performance using Machine/Deep 
Learning. Data from a new form of objective perimetry suggested that the criteria are achievable.   

1. Introduction – comparing diagnostic power in early diabetic 
retinopathy 

Diabetes mellitus (DM) continues as an epidemic,85 with an esti
mated global prevalence at 463 million.84 The complications of DM, 
both systemic and ocular, are serious.58,97 Diabetic retinopathy (DR) is a 
major ocular complication and is a leading cause of vision loss.101 The 
global prevalence of DR among people with diabetes (PwD) is 
19–25%.96 The later-stage presentations are proliferative DR (PDR),17,58 

with 6% of PwD developing vision-threatening DR (VTDR) and 4% 
developing diabetic macular edema (DME), which affects central vision 
directly.96 By 2045, it is projected that there will be 700 million PwD, 

160.5 million with DR, 44.8 million with VTDR, and 28.6 million with 
DME.84,96 

Although treatments such as retinal laser or antivascular endothelial 
growth factor (anti-VEGF) injections are available, they are not without 
complications.25,88,100 Drugs like candesartan may prevent earlier-stage 
DR,15 and fenofibrate may prevent or reverse progression of early-stage 
DR in type 2 diabetes.35,44 New treatments may arise from those 
findings. 

Importantly, people with early-onset diabetes, type 1 diabetes (T1D), 
have higher lifetime risk of developing DR, suffering blindness and 
experiencing greater socioeconomic impact.89 It is estimated that 
95–97% of people with T1D will be negatively affected in their 
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lifetime,8,34 and 3–8% of them will suffer blindness.33,46 Therefore, we 
would like to be able to identify early eye damage and track it over the 
lifetime of these people employing the same tests. Given the need to 
restrict DR to moderate nonproliferative DR (NPDR) over the lifetimes of 
PwD, we require tests that can detect different stages of functional 
damage, from eyes with no apparent DR to mild DR. 

We now know that functional damage precedes classical vasculop
athy of mild NPDR57,63,67 due in part to diabetic retinal neuro
degeneration preceding other structural changes.64 The classical visible 
markers of DR present only after considerable diabetic retinal neuro
degeneration has occurred.87 Taken together this information indicates 
that to provide useful endpoints for future clinical trials, we need to 
discover and develop tests that discriminate normal controls (NCs) from 
PwD with no classical retinopathy with high sensitivity, specificity, and 
precision. Obviously, diagnostic performance should be higher still in 
moderate DR. 

We compare detection methods of early diabetic eye damage by 
reviewing data from a range of functional and structural studies of early 
diabetic eye disease and computing measures of diagnostic power of 
their methods, allowing the diagnostic tests to be compared quantita
tively. A comprehensive review of functional tests addressing the full 
range of DR was published in 2021.16 Most of the reviewed studies did 
not compare PwD who did not yet show DR (No-DR) with NC subjects. 
Further, that review did not compare the diagnostic power of the 
methods used, providing the impetus for this review. 

Here we use standardized effect sizes to compare the diagnostic 
power of functional and structural tests for discriminating NC subjects 
and PwD with No-DR. Diagnostic power can often be estimated from 
published data using standardized effect sizes, for example, Cohen’s d: 
the standardized mean difference of pairs of distributions.19 A slightly 
more conservative version, Hedge’s g,38 provides a conservative penalty 
for smaller study group sizes. Standardized effect sizes are closely 
related to area under receiver operating characteristic (AUROC) plots.75 

Effect sizes approaching 2, corresponding to AUROCs of >90%,61 are the 
target level of diagnostic power for a clinically useful test.90 We also 
discuss an evolving form of objective perimetry that in several studies 
seems to meet those criteria.6,54,79,82 Finally we discuss the statistics of 
how independent measures may usefully be combined to increase 
diagnostic power and the requirements for validating more complicated 
diagnostic models. Related factors such as correlation with complica
tions screening variables, ease of use and test duration are also dis
cussed. These are important factors given that we would like to employ 
the same tests for PwD over their entire lives, especially those who are 
diagnosed in childhood. 

2. Methods 

We searched online between September, 2022, and July, 2023, for 
published studies reporting on various methods for discriminating NC 
subjects from PwD with No-DR: the NC vs No-DR comparison. A few 
studies comparing NCs and prediabetes, or No-DR vs mild non
proliferative retinopathy (NPDR) were included. Studies of more severe 
DR were excluded. For comparison, we examined both functional and 
structural tests. Some studies examined several tests or provided inde
pendent assessments for several variables per test. Functional tests 
included behavioral tests, generally involving some visual threshold, 
electrophysiology, and pupillographic testing. Structural tests were 
largely based upon some sort of imaging of the retinal or cornea and 
could involve forms of retinal angiography. 

The main search tool was the Web of Science (WoS, Clarivate, London, 
UK). Key starting points were known papers and those highlighted by a 
recent review of methods for more serious DR16 and WoS was used to 
examine all papers citing those to discover more recent studies on the same 
or related topics. Searches for other papers were done containing disease 
terms including diabetes + eye, diabetes + retinopathy (and substitut
ing diabetic for diabetes), and with vasculopathy and neuropathy were 

combined with those for functional and structural test methods. Functional 
terms included retinogram, electroretinogram, ERG, evoked + potential, 
VEP, threshold, perimeter, perimetry, pupillometry, and pupil. Structural 
terms included retinal + photography, fundus + photography, fun
dus + camera, optical + coherence + tomography, OCT, microscopy, 
macular + pigment, angiography, and cornea were used. When a suitable 
reference was found WoS was again used to find papers that cited it. 

To assess relative diagnostic power we used Hedge’s g38 because 
many studies provide the necessary inputs: the means, standard de
viations, and numbers of subjects from each of their study groups. A few 
studies provided AUROC data, so in these cases were converted them to 
Hedge’s g.75 In this way Hedge’s g and AUROC values were provided for 
each reported variable. Studies not providing the inputs to calculate 
Hedge’s g, or AUROC values were therefore excluded. To aid interpre
tation we report AUROCs as percentages, 50% being chance perfor
mance and 100% perfect discrimination. We compared the diagnostic 
performance of different groups of methods using linear models (fitlm 
function of Matlab 2020b, The MathWorks, Natick, MA). Two separate 
models were formed for the Hedge’s g and AUROC data. 

We briefly provide an illustration of the difference between Cohen’s 
d and Hedge’s g. Using data from Joltkov et al42 for the pattern standard 
deviation for the 10-2 test of the matrix perimeter gives mean, and 
standard deviation (SD), and sample size (N) for NCs and No-DR di
abetics of: 2.43 ± 0.28 and 2.86 ± 0.67 respectively with N = 18 and 23. 
Hedge’s g is 0.819, while Cohen’s d (which assumes an N of ∞) is 0.837. 
Doubling the N values gives a value for g of 0.828. Thus, the number of 
subjects, N, does not change the effect size greatly but using g makes the 
values obtained from different studies comparable. Hedge’s g is also the 
basis for many power calculations,26,27 and effect sizes of 0.2, 0.5, 0.8, 
1.2 and 2.0 are the accepted cut-offs for small, medium, large, very 
large, and huge effect sizes, respectively. As mentioned, clinically useful 
tests will minimally have effect sizes around 2 and therefore AUROCs 
>90%. 

Fig. 1 illustrates why we cannot use P-values to demonstrate clinical 
utility. P-values indicate our confidence in the difference in the means of 
the empirical distributions for NC and No-DR people.90 Put simply, 
P-values are heavily determined by N, the number of subjects in the 
study groups. For diagnosis N = 1, the person being examined. In that 
case, the only thing that matters is the relative separation the distribu
tions for NC and PwD. Standardized effect sizes give us that. 

3. Functional studies 

Eight functional methods studies met the study criteria, and the data 
for 17 of the reported measures are given in Table 1. Hedge’s g ranged 
from 0.05 to 1.20, yielding a median of 0.47. The corresponding 
AUROCs ranged from 51 to 80%, providing a median of 63%. In a few 
cases, the same measure was reported by different researchers. The first 
13 measures were from perimeters, the first two from microperimetry 
targeting the central 20◦ (6 mm), and the remaining tests examined the 
central 48◦. The AST contrast sensitivity was measured within the cen
tral 5–6◦,42 and the high temporal frequency responses of the two ERG 
methods were assessed with a ganzfeld stimulus.55,103 The median effect 
size of 0.47 was small to medium, indicating low power. The highest 
value of g was 1.2 reported for the SWAP mean defect (MD), but another 
group reported a g of 0.39 for the same measure. The absence of DR in 
the Afrashi and coworkers study1 was determined by slit lamp 
ophthalmoscopy (SL). 

4. Studies using pupillometry 

Pupillometry is a methodology in which pupil diameters are moni
tored in response to a single large light stimulus. Generally, one pupil/ 
eye at a time is tested. There have been several studies comparing NC 
and No-DR subjects and so we summarize them separately to the other 
functional methods. The stimulus duration employed is often quite long, 
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5–20 seconds,5,9,28,40,95 and recovery from those flashes is frequently 
monitored. Others have used shorter pulses of between 1 second and 
40 ms.36,62,102 The baseline pupil diameter to particular adapting light 
levels also has diagnostic value.62 Table 3 summarizes the 1 or 2 
methods with the highest diagnostic power from each study. The median 
performance of Hedge’s g = 0.84 (large effect size) and AUROC = 72% 
is somewhat better than the measures of Table 1, but the maximum 

performance of the pupillometry methods was similar at g = 1.25 (very 
large effects size) and AUROC = 81%. Two studies that examined the 
NC vs No-DR comparison were left out of the table as they found no 
significant differences between those groups and so would have regis
tered a g close to 0 and an AUROC close to 50%.5,45 Adding those values 
to the table would have changed the median values to g = 0.41 and 
AUROC = 62%. 

Fig. 1. In this example the pairs of distributions in A and C have standard deviations (SD) of 1. In that case, the separation of the distributions in SD is Cohens’ d. 
Notionally the blue distributions are for those with diabetes and the green the control group. A,B: Are for the case of a large effect size of d = 0.8; (C,D) are for a huge 
effect size, d = 2. Thus, in C the distributions are more widely separated than in A. In each of A and C there are three lines of text beginning “N = ” and then a P- 
value. The Ns are the number of persons in each group in the study, and the P-value is the outcome for a t-test given the distributions and Ns. In C the P-value for 
N = 30 is 6 × 10− 9 B and D give the ROC plots for the distributions in A and C. The larger bold text in B and D shows the AUROC. In each of B and D there are 3 lines 
of text beginning with “N = ” and then the value of Hedge’s g. As in the example in the text from Joltkov et al42 the effect of small N upon g is slight. Thus, in D when 
d = 2, for N = 10 per group g = 1.92. Therefore, the estimated diagnostic power depends little on N, only the separation of the distributions. AUROC = area under 
receiver operating characteristic. 
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5. Studies with the ObjectiveField Analyzer functional test 

Four studies with ObjectiveField Analyzer (OFA) as their functional 
testing method met the study criteria and the data for nine of the re
ported measures are given in Table 3. The OFA is a novel functional test 
that has been evolving over time (see Discussion). It provides objective 
perimetry by combining multifocal stimulation, as in a multifocal ERG 
or evoked potential, and noncontact measurement of relative changes in 
pupil diameter. The method has therefore been termed multifocal 
pupillographic objective perimetry (mfPOP), and thus provides spatially 
resolved sensitivity and delay data for up to 44 test regions/eye. Both 
eyes are tested concurrently and generate localized afferent field de
fects.6 The OFA is a version of mfPOP is cleared by the United States 
Food and Drug Administration (FDA) and manufactured by Konan 
Medical USA (Irvine, CA)—which provides five variants of mfPOP. 
Fourth-generation stimuli test both eyes in 7 minutes and produce 30-2 
style reports or a half-scale macular variant. Unlike most multifocal 
systems, both eyes are tested concurrently. OFA uses very transiently 
presented pseudorandom stimuli, and the resulting responses appear to 
be driven by the extrastriate cortex,80 matching the neuro-anatomical 
expectation.29 

The effect sizes in the included studies with the OFA ranged from 
very large to huge (Table 3). One entry in Table 3 gave g and AUROC 
values for comparing No-DR and mild to moderate DR (Mild-Mod). The 
most recent 2023 results were for fifth-generation stimuli that test both 
eyes in under 90 seconds. Overall, the Hedge’s g values ranged from 1.53 
(very large) to >2.5 (huge) with the median of 1.74 (very large) and the 
corresponding AUROC values from 86 to 100% (89% median). The 
between-eye asymmetries reported were calculated from anatomically 
equivalent regions of the two eyes that are tested concurrently. By 
contrast, if one eye is measured at a time, as in standard perimetry, test 
time is confounded with tested eye. 

6. Structural studies 

We found 4 studies where NC eyes were compared with No-DR eyes, 
and one where eyes of people with prediabetes or early diabetes were 
examined (Table 4). The measures reported were from polarization- 
sensitive optical coherence tomography, retinal nerve fiber layer bire
fringence, several OCT-angiography variables, corneal nerve fiber 

density, and vessel diameter change in response to a flickering 30◦

diameter light. The Hedge’s g values ranged from 0.28 to 0.92 (median 
0.52) and the corresponding AUROC values from 58 to 87% (65% 
median). 

7. Comparisons 

We next compared the outcomes for Tables 1–4 using separate linear 
models of the Hedge’s g and AUROC values. Both models were highly 
significant (see bottom of Table 5). The fits were to an additive model 
using a categorical variable that identified tests as being from Tables 1, 
2, 3 or 4. In these models the reference or constant term was the mean of 
the functional tests of Table 1. The models contained additive amounts 
fitted to the structural, pupillographic and OFA data to quantify the 
mean difference between each and the mean of the functional tests. The 
t-statistic and P-values thus quantified the significance of those 

Table 1 
Functional tests comparing No-DR and control subjects.  

First author Year Measure Discrimination Hedge’s g AUROC 

Gella31,32  2016 Microperimetry (MP1) 8◦ Controls vs No-DR  1.09 78% 
Montesano57  2021 Microperimetry (Maia) MS Controls vs No-DR  0.29 58% 
Montesano  2021 Matrix/FDP 24-2 perimetry MD Controls vs No-DR  0.19 55% 
Nitta59  2006 SWAP 24-2 MD Controls vs No-DR  0.05 51% 
Afrashi1  2003 SWAP 24-2 MD Controls vs No-DR (SL)  1.20 80% 
Nitta  2006 SWAP 24-2 PSD Controls vs No-DR  0.35 60% 
Afrashi  2003 SWAP 24-2 PSD Controls vs No-DR (SL)  0.16 55% 
McAnany56  2023 Octopus 900, photopic MD Controls vs No-DR  0.69 69% 
McAnany  2023 Octopus 900, scotopic PSD Controls vs No-DR  0.71 70% 
Joltikov42  2017 SWAP 24-2 MD Controls vs No-DR  0.39 60% 
Joltikov  2017 SAP 24-2 perimetry PSD Controls vs No-DR  0.41 62% 
Joltikov  2017 Matrix/FDP 24-2 perimetry FT Controls vs No-DR  0.47 63% 
Joltikov  2017 Matrix/FDP 10-2 perimetry PSD Controls vs No-DR  0.82 72% 
Joltikov  2017 Rarebit perimetry fovea MHR Controls vs No-DR  0.37 61% 
Joltikov  2017 AST contrast sensitivity Controls vs No-DR  0.99 77% 
McAnany55  2018 ERG - temporal frequency Controls vs No-DR  1.09 *78% 
Zeng103  2019 RETeval ERG + Pupil + Age Controls vs No-DR  0.52 67% 
Medians      0.47 63% 
Maximums      1.20 80% 

AUROC = area under receiver operating characteristic; FDP = frequency doubling perimetry; SWAP = short-wavelength automated perimetry; SAP = standard 
white-on-white automated perimetry; ERG = electroretinogram; MD = mean defect; PSD = pattern standard deviation; MS = mean sensitivity; FT = foveal 
threshold; MHR = mean hit rate. 
(SL) in the discrimination column means the lack of DR was assessed by slit-lamp bio-microscopy.36 

* The AUROC was reported and we converted it to Hedge’s g. 

Table 2 
Pupillometry tests comparing No-DR and control subjects.  

First author Year Measure Discrimination Hedge’s 
g 

AUROC 

Cankurtaran9  2020 2 or 4 s post 
flash size 

Controls vs No- 
DR  

0.50  64% 

Feigl28  2012 
Re-dilation 
kinetics 

Controls vs No- 
DR  0.89  73% 

Halperin36  2016 Initial latency 
Controls vs No- 
DR  

0.78  71% 

Jain40  2018 Dilation 
velocity 

Controls vs No- 
DR  

0.29  58% 

Park62  2017 
Scotopic 
baseline 
diameter 

Controls vs No- 
DR  

0.94  75% 

Park  2017 
Photopic 
baseline 
diameter 

Controls vs No- 
DR  

0.68  69% 

Tan95  2022 
Maximum 
blue 
constriction 

Controls vs No- 
DR  1.25  81% 

Tan  2022 
Maximum red 
constriction 

Controls vs No- 
DR  0.99  76% 

Medians      0.84  72% 
Maximums      1.25  81% 

AUROC = area under receiver operating characteristic. 
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differences. In the case of the functional tests, the t-statistic and P-value 
values indicate the significance of the difference from 0. 

Thus, in the case of Hedge’s g, the mean value for the functional tests 
was 0.51 ± 0.10. The mean difference for the pupillographic tests was 
marginally significantly larger at 0.28 ± 0.16 (P = 0.102). At 0.25 
± 0.15, the structural tests were also marginally significantly different 
(P = 0.107). The mean g for the OFA tests was significantly larger by 
1.33 ± 0.16 (P < 0.0001). Notice that the predicted OFA total g of 
0.51 + 1.33 = 1.84 is very similar to the median value of Table 3 (cf. 
1.74). Similar outcomes occurred for the AUROCs where the mean dif
ference of the pupillography tests relative to the functional tests was a 
possible increase of 7.0 ± 3.7% (P = 0.080), and for the OFA tests 26.4 
± 3.5% (P < 0.0001). The predicted total g for OFA tests was thus 63.9 
± 26.4 = 90.3%, close to the median value of Table 3 (cf. 89%). 

8. Discussion 

As mentioned at the outset, by 2045 it is projected that there will be 
700 million PwD, 160.5 million with DR, 44.8 million with VTDR, and 
28.6 million with DME.84,96 The magnitude of the problem is illustrated 
by the fact that diabetes is no longer a disease that impacts only the 
affluent societies. Even in one small developing country, Bhutan, 
DR/DME was the third most common retinal disorder,68 the most 
common indication for retinal laser therapy,69 and the third most 
common indication for retinal surgery.70 Similarly in Nepal, DR was the 
second most common retinal disorder among patients66 with significant 
systemic associations.98 Thus, more than ever it is important to compare 
diagnostic power of potential tests and to understand other aspects that 
can augment that information. 

We therefore posit 6 criteria that clinically useful tests should have:  

1. Standardized effect sizes of >1.80, that is, AUROC >90%, to 
discriminate NC subjects from PwD but who show no classical DR, 
and higher power for mild to moderate DR,  

2. High reproducibility to maximize ability to track change over time,  
3. Good ease of use and short test duration to permit the same test to be 

used in all age groups, from children to all adults, including the 
elderly and infirm,  

4. Ability to easily compare structure and function measures at the 
same retinal regions,  

5. Good correlation of single structural and functional measures with 
independent factors within standard complications screening 
variables,  

6. Multiple measures that are as uncorrelated with each other as 
possible, but which are correlated with diabetic eye and/or tissue 
damage. 

Tables 1–5 illustrated that OFA has clinically useful diagnostic power 

Table 3 
ObjectiveFIELD Analyzer (OFA) studies comparing No-DR and control subjects.  

First 
author 

Year Measure Discrimination Hedge’s 
g 

AUROC 

Bell6  2010 OFA 
sensitivities 

Controls vs No- 
DR  

1.60  87% 

Bell  2010 
OFA sensitivity 
asymmetries 

Controls vs No- 
DR  2.33  95% 

Sabeti79  2015 
OFA 
sensitivities 

Controls vs No- 
DR  

1.65  88% 

Sabeti  2015 OFA delay 
asymmetries 

Controls vs No- 
DR  

>2.5  100% 

Sabeti82  2022 
OFA 
sensitivities and 
delays 

Controls vs No- 
DR  

1.80  90% 

Sabeti  2022 
OFA 
sensitivities and 
delays 

No-DR vs Mild- 
Mod  

1.53  86% 

Maddess54  2023 
OFA M18 
sensitivities and 
delays 

Controls vs No- 
DR  1.80  90% 

Maddess  2023 
OFA W20 
sensitivities and 
delays 

Controls vs No- 
DR  

1.74  89% 

Maddess  2023 
OFA M18 and 
W20 
sensitivities 

Controls vs No- 
DR  1.60  87% 

Medians      1.74  89% 
Maximums      2.50  100% 

AUROC = area under receiver operating characteristic. 

Table 4 
Structural tests comparing No-DR and control subjects.  

First 
author 

Year Measure Discrimination Hedge’s 
g 

AUROC 

Pollreisz65  2021 PS-OCT RNFL 
birefringence 

Controls vs No- 
DR  

0.57  66% 

Sung91  2022 

OCT- 
angiography 
VD - center 
1 mm 

Controls vs No- 
DR  0.28  58% 

Sung  2022 
OCT- 
angiography 
VD - ring 

Controls vs No- 
DR  0.92  74% 

Sung  2022 
OCT- 
angiography 
VD - full 3 mm 

Controls vs No- 
DR  

0.47  63% 

Chao14  2020 
Corneal nerve 
fiber density 

Controls vs 
prediabetes  

0.32  59% 

Chao  2020 Corneal nerve 
fiber density 

Controls vs 
early-diabetes  

0.92  74% 

Lim48  2014 
Retinal vessel 
diam - flicker - 
artery 

No-DR vs mild 
NPDR  

0.39  61% 

Lim  2014 
Retinal vessel 
diam - flicker - 
vein 

No-DR vs mild 
NPDR  0.70  72% 

Zeng104  2023 
OCT- 
angiography 
VD - SVC 

Controls vs No- 
DR  1.57  87% 

Zeng  2023 
OCT- 
angiography 
VD - DVC 

Controls vs No- 
DR  

1.54  86% 

Medians      0.64  69% 
Maximums      1.57  87% 

AUROC = area under receiver operating characteristic; PS-OCT = polariza
tion-sensitive optical coherence tomography; RNFL = retinal nerve fiber layer; 
NPDR = nonproliferative diabetic retinopathy; VD = vessel density; 
SVC = superficial vascular complex; DVC = deep vascular complex. 
In early T2 diabetes group 2/14 had moderate NPDR.42 

Table 5 
Comparing methods by Hedge’s g and AUROC.  

Hedge’s g      
Estimate SE t-statistic P-value 

Functional 0.51 0.10 5.17 0.0001<
Pupillography 0.28 0.16 1.68 0.102 
Structural 0.25 0.15 1.65 0.107 
OFA 1.33 0.16 8,34 0.0001<
AUROC  

Estimate% SE % t-statistic P-value 
Functional 63.9 2.2 29.0 0.0001<
Pupillography 7.0 3.7 1.92 0.063 
Structural 6.1 3.4 1.80 0.080 
OFA 26.4 3.5 7.49 0.0001<

AUROC = area under receiver operating characteristic; OFA = Objective
FIELD Analyzer. 
Hedge’s g model: Adjusted R2 = 0.641; F-stat 24.8, P = 5.8e-09. 
AUROC model: Adjusted R2

= 0.580; F-stat 19.4, P = 6.4e-08. 
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in early-stage disease. Higher power is desirable—or even required—for 
useful clinical endpoints. This means future studies with new technol
ogies need to report diagnostic power. Analogously to calls for the use of 
effect sizes,90 journal editors and referees need to demand this, for 
example, though reporting guidelines.86 

With respect to our second criterion above, the measures in Tables 1 
and 3 have not had their reproducibility assessed. It is worth noting that 
the very small Goldmann size III stimulus of standard automated pe
rimeters covers <0.5% of the 6◦ square cells of the test grid, contributing 
to49,51,60 their high test-retest variability.4 Two fourth-generation OFA 
tests, which provide 30-2 style visual field reports, have lower test-retest 
variability of standard automated perimeters in 40 people living with 
glaucoma and 95 matched NCs.52 For example, for initial visit sensi
tivities of 4–16 dB the mean (±SD) of the interquartile range of SITA 
Fast perimetry is 14.6 ± 4.2 dB,4 where for OFA it is 7.8 ± 0.7 dB.52 

Supplementary Fig. 1 presents test-retest variability data for persons 
with type 2 diabetes using the same two fourth-generation OFA tests as 
the glaucoma group.52 As expected for lower test-retest variability, OFA 
has recently shown significant ability to track progression of mild DME 
over 1.5 years when matrix perimetry cannot.83 That paper and 
another73 have supplementary data sets showing OCT, OFA sensitivity 
and delay, and matrix data in an easy-to-compare (over time) format for 
up to 128 data sets. Those fourth-generation tests have been reported to 
have no safety issues in people with migraine2 or epilepsy.3 

With respect to our third criterion, OFA tests can be easily performed 
on persons of all ages and all disease stages, from an eye without any 
damage to severe DR, in as little as 90 seconds for both eyes. Older third- 
generation OFA tests have already been shown to be well correlated with 
standard diabetic tissue damage and metabolic variables in older people 
(41.8 ± 12.1 years) with T1D.82 Being rapid, noncontact, and requiring 
no subject input, the latest fifth-generation OFA tests can be easily 
performed on persons of all ages and are also ideal for elderly and infirm 
people; the 2023 OFA study of Table 2 used two different 
fifth-generation tests that each assess both eyes in <90 seconds.54 Those 
tests were performed on 52 young people with T1D (15.2 ± 3.77 years, 
26 females), the youngest subjects were 8 years. Being noncontact, and 
requiring no subject input, those OFA tests can be easily performed on 
people of all ages and are ideal for the young, elderly, and infirm. Thus, 
the same tests can be used to track children over their lifetime. 

The two tests of the fifth-generation OFA, called W20 and M18, have 
20 and 18 stimuli/eye, respectively, and of them, the M18 test satisfies 
our fourth criterion. Specifically, the wide-field W20 test stimuli 
comprise an array of 20 stimuli/eye that span the central 60◦. W20 has 
demonstrated high diagnostic power in adult people with multiple 
sclerosis.53 M18 assesses the central 20◦ (6 mm, i.e., the macula) with an 
array of 18 stimuli. The M18 stimuli are the size and shape of the 9 Early 
Treatment Diabetic Retinopathy Study (ETDRS) retinal thickness grid 
regions cut in two (Fig. 2). Thus, it is easy to compare OCT retinal 
thickness data from the ETDRS grid and with the per-region sensitivity 
and delay data of M18. This satisfies point 4 above. 

Returning to the age considerations of our third criterion above, M18 
has also been shown to have high diagnostic power in people with early- 
to late-stage age-related macular degeneration (AMD).74 That study 
indicated M18 had superior diagnostic power to either best corrected 
visual a(BCVA) or ETDRS retinal thickness and volume measures in all 
but late-stage disease, where M18 performed as well as the OCT 
measures. 

With respect to our first, third, and sixth criterion above, in the T1D 
study of young people,54 whose data are shown in Table 2, the best 
diagnostic power for a single measure was for combined sensitivities and 
delays, providing AUROCs around 89% in the persons under age 16. 
Without combining delays, the M18 and W20 sensitivities on their own 
yielded AUROCs <71%. The Kullback–Leibler divergence of the M18 
and W20 per-region sensitivity data indicated that they were highly 
independent. As might be expected for independent measures that are 
both correlated with disease but not with each other (our sixth criterion 

above) a linear combination of the M18 and W20 per-region sensitivities 
produced AUROCs of 92%. It seems reasonable that M18 and W20 
would produce quite independent data given that W20 covers 9 times 
greater retinal area than M18. 

Returning to the sixth criterion, why are uncorrelated variables 
desirable and powerful? The lack of correlation between different 
measures, but good correlation with disease, means the different tests 
are measuring independent aspects of the disease. This is the statistical 
basis of evidence-based medicine37: different tests characterizing 
different aspects of the disease are needed to confirm diagnoses and 
prognoses. If the results of several different tests are correlated there is 
little benefit to doing more than one of the tests. In statistics this is 
related to the likelihood ratio (LR) for a test: the 
sensitivity/false-positive-rate. For example, if we chose a 
false-positive-rate of 5% and the test gives a sensitivity of 95% the LR is 
0.95/0.05 = 19, that is, the surety you have of a true result is 1 part in 
19. If you have 2 tests that are uncorrelated with each other the combined 
LR is the product of the LRs for each, providing a surety of say 1 part in 
19 × 20 = 380.24 If the 2 tests are perfectly correlated, then the 

Fig. 2. The spatial layout of the fifth-generation M18 and W20 multifocal 
stimulus arrays. In practice stimuli of these sizes and shapes are presented 
pseudo-randomly in time, each for a period of 33 ms. The stimuli shown are for 
the left eye. Right eye stimuli are the left-right mirror image. The different 
brightness levels of the stimuli elicit approximately equal-sized responses in a 
normal person. Each region of the two eyes is tested 44 times in 86 seconds. A: 
The M18 macular stimuli. The cyan lines give the borders of the Early Treat
ment Diabetic Retinopathy Study retinal thickness grid used by most optical 
coherence tomography manufacturers. B: The much larger W20 stimulus array, 
which tests a 9-times larger area in the same amount of time. 
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combined LR is the same as that for either test, that is, 1 part in 19. 
In the case above a linear combination of M18 and W20 per-region 

sensitivities greatly increased diagnostic power. Nonlinear combina
tions of uncorrelated variables can be even more powerful. Imagine you 
have a vector of measures from 100 patients using method a, and a 
similar one for method b. It turns out the new vector of the element-wise 
product (Hadamard/Schur product), d = a∘b, can be independent of 
either a or b (i.e., somewhat uncorrelated). In other words, the derived 
vector d can provide new independent diagnostic information that could 
be used to enhance combined diagnostic power. Fig. 3 shows an opti
mistic example of this. Higher order kernels can also be considered like 
a∘b∘c, a∘b2∘c, a∘c2∘b2, and so on. 

These sorts of kernel functions and other complex interactions are 
the basis for much of machine/deep learning.18,43,47 The downside is 
that the resulting models are complex to explain20,39 and so require 
strict procedures (e.g., resubstitution, hold-out, cross-validation, and 
bootstrapping) to assure independence of model development and 
evaluation in training, its possible parameter tuning, and testing.92 In 
the field of medical applications of machine learning, recent publica
tions have put a spotlight on the necessity of adherence to these prac
tices to avoid overly optimistic results.22,30 Typically, these procedures 
would require datasets with at least 100 subjects—a prerequisite that 
hinders applications of machine/deep learning in diagnostics.21 A lack 
of data can in some cases be alleviated by techniques such as 

oversampling, but special attention needs to be paid here to avoid data 
leakage between test and training sets.94 

BCVA and its variants are tried and true clinical tools for monitoring 
DMO and DR from moderate/severe nonproliferative disease to prolif
erative disease, but these later disease stages are not where new tests and 
treatments need to operate. As we know early-stage retinopathy is 
pointillistic, with microaneurysms and other earlier features appearing 
at isolated locations across the retina.23 Therefore the standard ETDRS 
composite photos use multiple 30◦–45◦ photos to canvas much of the 
retina for any sign. Visual field testing typically examines a smaller area 
of ±21◦ to ±30◦ radius, that is, 1400◦–2800◦.2 Visual acuity is deter
mined by the foveola, which is 0.35 mm across, or 1.1◦.2 Thus, acuity 
fails to sample the minimally required part of the retina by several 
thousand times. 

Sight-threatening DME in its early stages can be off-axis and there
fore fails to alter visual acuity, even though highly significant changes to 
nearby macular physiology are measurable. For example in early off-axis 
DME peripheral macular thickness was correlated with central and pe
ripheral OFA sensitivities, although functional change could occur when 
retinal structure was stable.73 When tested head-to-head over 457 
± 198 days in DME, OFA sensitivities and delays appear to be more 
correlated with retinal thickness changes than matrix sensitivities.83 

Similar differential changes between fovea and surrounding macular 
regions has been reported in neovascular age related macular degener
ation (AMD) along with interactions with anti-VEGF treatment using 
OFA. Thus, changes in peripheral retinal sensitivity and delays can 
significantly precede the decision to treat on pro re nata (PRN) man
agement by 1–2 months.72 Similar fovea vs peripheral macular in
teractions have also been reported for advanced AMD comparing matrix 
perimeter data and retinal thickness. There BCVA and central OCT 
thickness (within 4◦) were reported to be strongly correlated with pe
ripheral macular sensitivities (4◦–10◦).81 Similarly, Quality of Life 
measures in people with advanced AMD were correlated with global (e. 
g., pattern standard deviation) but not central matrix sensitivity data (e. 
g., monocular or binocular central 4◦). Thus, it seems that for retinal 
diseases, more attention needs to be paid to contrast between peripheral 
and central macular structural and functional changes for diagnosis and 
prognosis. 

At the request of the reviewers, we supply some further information 
about the OFA. We have mentioned fourth- and fifth-generation OFA 
methods. We have tested several hundred OFA variants. Many have been 
published including data on 34 early variants.10,41 The fifth-generation 
stimuli of Fig. 2 are the 139th and 140th methods tried on >50 persons, 
and details of them have been provided.53,74 The defining features of the 
five OFA generations are a series of patents on aspects of OFA stimuli. 
The fourth- and fifth-generation methods include a new patent appli
cation, which provides a novel form of multifocal response estimation,99 

and which is part of the OFA analysis software. 
An important part of the pupillary system is its dynamic gain control 

system.12 It makes responses to single stimuli quite large, but also very 
noisy. Increasing the number of stimuli presented within a short time 
period decreases the response size obtained from each tested region. For 
this reason, the mean interval between OFA stimuli at any location is 
about 4 seconds. The fourth-generation stimuli test 44 field regions/eye. 
That means the dichoptic stimuli are delivered at 22/s, allowing each 
region to be tested 90 times in about 4 min/eye. Environmental con
trasts rarely exceed 40% and the visual system is designed to detect 
rapid changes in those small contrasts.7 We have found stimuli of about 
33 ms duration to be diagnostically the most effective.41 Nevertheless 
overly bright brief stimuli can lead to saturating neural responses, which 
mean damaged and undamaged parts of the field can respond similarly, 
masking field defects. This caused one of our early studies to have poor 
diagnostic performance.50 The response of the pupils to stimuli of the 
same brightness across the field is exaggerated in the temporal fields.10 

The gain control mechanism means that providing dimmer stimuli to 
those regions enhances the responses of other regions, so called 

Fig. 3. An example of the possible outcomes of a derived data set d = a∘b. A: 
Contains two elliptical figures the boundaries of which represent something like 
1 SD of two clouds of data plots in a,b space. Each of a and b contain data from 
people with diabetes (blue) and controls (yellow). The distributions are highly 
over-lapping and so linear combinations of a and b will not be able to 
discriminate the groups well. B: Shows the case of introducing a derived vari
able d = a∘b. By increasing the dimensionality of the so-called feature space the 
data of the two groups are now well separated. 
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luminance balancing.11 Presenting about equal numbers of stimuli to 
subsections of the field, so called clustered volleys, can also enhance 
signal-to-noise ratios13 and diagnostic power.78 

A limitation of the present study is that the method for calculating 
AUROC values from standardized effect sizes assumes Gaussian distri
butions.76,93 We have found cases where authors reported both the data 
to calculate g and a conventionally derived AUROC, and the agreement 
has been good. For example, the OCTA study by Zeng and coworkers in 
Table 4 cited an AUROC of “0.8608” and the result based upon g was 
0.870 (87%).104 It is also clear that results from the NC vs No-DR 
comparisons have not been shown to predict future progression. Later 
stages of DR are important and need to be assessed with new technol
ogies in cross-sectional and longitudinal studies. Such studies would 
hopefully inform the application of exiting treatment options like 
fenofibrate29,37 or candesartan,10 as well as new therapeutics. It is worth 
noting that OFA has demonstrated ability to track change in response to 
anti-VEGF therapy.71,77 

9. Conclusions 

A growing body of evidence shows that the functional changes pre
cede the structural damage of classical DR. Therefore, we should 
consider new functional tests with high diagnostic power for discrimi
nating eyes of PwD, but who show no to mild DR. Those tests should be 
reproducible to aid progression analysis. Ideally multiple measures, for 
example, sensitivity, delay, asymmetry between eyes, or test variants (e. 
g., M18, W20), should be available and relatively independent of each 
other while being well correlated with eye and tissue damage. Such 
independence can aid things like Machine/Deep Learning to provide 
more accurate measures with no increase in test duration. Structural 
measures can be usefully independent but should be assessed at the same 
retinal locations as the functional measures to aid comparisons and 
analysis. Finally, tests should be quick and easy to use to allow children 
to be followed over their lifetimes. The OFA seems to provide these 
features. We need studies of new tests to report on diagnostic power and 
other relevant measures. 
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Method of literature search 

We searched online (between September, 2022, and July, 2023) for 
published studies reporting on various methods for discriminating NCs 
from PwD with No-DR. A few studies comparing controls and predia
betes, or No-DR vs NPDR were included. Studies of more serious DR 
were excluded. For comparison, we examined both functional and 
structural tests. Some studies examined several tests or provided inde
pendent assessments for several variables per test. Functional tests 
included behavioral tests, generally involving some visual threshold, 
electrophysiology, and pupillographic. Structural tests were largely 
based upon some sort of imaging of the retinal or cornea and could 
involve forms of retinal angiography. 

The main search tool was the Web of Science (WoS, Clarivate, Lon
don, UK). Key starting points were known papers and those highlighted 
by a recent review of methods for more serious DR16 and WoS was used 
to examine all papers citing those to discover more recent studies on the 
same or related topics. Searches for other papers were done containing 
disease terms including diabetes+eye, diabetes+retinopathy (and 
substituting diabetic for diabetes), and with vasculopathy and neurop
athy were combined with those for functional and structural test 
methods. Functional terms included retinogram, ERG, evoked+poten
tial, VEP, threshold, perimeter, and perimetry. Structural terms included 

retinal+photography, fundus+photography, fundus+camera, opti
cal+coherence+tomography, OCT, microscopy, macular+pigment, 
angiography, and cornea were used. When a suitable reference was 
found WoS was again used to find papers that cited it. 
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