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Purpose: To compare per-regionmacular sensitivity anddelay fromobjective perimetry
with Matrix perimetry and retinal thickness in mild diabetic macular edema (DMO).

Methods: Thirty-three patients with type 2 diabetes (T2D) aged 59.2 ± 10.5 years
participated in a longitudinal study. Macular thickness, sensitivities and delays from the
objectiveFIELD Analyzer (OFA), and Matrix perimeter sensitivities were mapped onto a
common spatial layout to compute per-region correlations between structure/function
measures. A generalized linear mixed-effects logistic regression model determined
which variables contributed to clinical diagnosis of DMO.

Results: For OFA, the mean sensitivity differences compared with normal in patients
with T2D were negative and the mean delay differences positive, indicating lowered
sensitivities and prolonged delays, both increasing with diabetes duration. Shorter
diabetes duration could produce either localized peripheral hypersensitivities or shorter
delays. Functional change could occur when retinal thickness was stable. Peripheral
macular thickness correlated with central and peripheral OFA sensitivity and delay, all
P< 0.0012 in DMO and amedian of P= 0.001 without DMO; this was not true for Matrix
sensitivities. The logistic model determined that peripheral thickness, OFA sensitivity
(P = 0.043), and time in the study (P = 0.001) contribute independently to the odds of
DMO versus no DMO.

Conclusions:Mean sensitivities decreased andmean delays increased with duration of
diabetes. Peripheral macular thickness correlated significantly with central and periph-
eral macular OFA sensitivity and delay. Peripheral macular thickness and functional
measures may provide sensitive prognostic data.

Translational Relevance: Functional loss can precede structural change in DMO, so
including such functional assessment for deciding on treatment may be beneficial.

Introduction

Globally, 285 million people had diabetes in 2010.
Over one-third of patients with diabetes have some
form of diabetic retinopathy (DR); a third of these
are considered to have vision-threatening DR, either
proliferative or severe nonproliferative, or diabetic
macular edema (DMO).1 In Australia alone, 72,000
of the 1.73 million patients with diabetes had DMO

in 2015, predicted to increase by 42% by 2030.2 The
indirect cost of vision loss associated with DMO in
2015 alone was estimated to be $2.07 billion.2 Despite
improved diagnosis andmanagement, diabetes remains
an escalating global health challenge.3

The key factor in preventing vision-threatening
diabetic eye disease is early diagnosis of DR and
DMOand timely treatment.4 Functional methods such
as conventional perimetry and best-corrected visual
acuity (BCVA) may not have the sensitivity to pick
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up early pathology.5 Microperimeters6 and multifo-
cal pupillographic objective perimetry (mfPOP),7,8 as
exemplified by the objectiveFIELD Analyzer (OFA),
appear to identify early focal lesions. Reduced OFA
central macular sensitivity, with some peripheral hyper-
sensitivity, and asymmetry in local delay deviations
between eyes correlate with the severity of type 2
diabetes (T2D).7 Focal OFA visual field defects have
been reported in patients with early T2D with no DR,9
and defects measured byMatrix perimetry also precede
diabetic structural change.10,11 Interestingly, BCVA
was more strongly predicted by off-axis retinal thick-
ness than central thickness in one of those studies.10
Peripheral macular thickness has also been reported to
be a more useful disease indicator than central thick-
ness in advanced age-related macular degeneration
(AMD).5 Taken together, these data might suggest that
less-affected retina around developing central lesions
may provide better prognostic information than more
damaged central macula itself.

The present study was conducted to compare OFA
data withmacular thickness, OFA sensitivity and delay,
and Matrix perimetry data, all at the same 44 central
and peripheral macular locations/eye. Patients without
DMO were included for comparison.

Methods

Participants

Patients with T2D with and without mild DMO
were recruited through treating physicians, ophthal-
mologists, and optometrists. Informed written consent
was obtained from the participants after explana-
tion of the nature and possible consequences of the
study, and the research was conducted in compli-
ance with Australian National University Human
Experimentation Ethics Committee (approval number
ETH.2010/194) and Human Research Ethics Commit-
tee (ACT Health approval number ETH.7.07.667).
Thirty-three patients with T2D were tested for up to
2.93 years, providing 128 data sets. The diagnosis of
DMO was based on clinical evaluation and the optical
coherence tomography (OCT) reports; specifically, two
or more Early Treatment Diabetic Retinopathy Study
(ETDRS) grid regions from posterior pole scans had to
be flagged. Our primary interest here included relation-
ships between the different structural and functional
test methods at 44matched visual field/retinal locations
per eye (see below). Normative OFA data were based
on a study of 133 participants each tested twice, 2
weeks apart.12 Patients with other retinal, neurologic,
or other disorders that would potentially affect pupil-

lary function were excluded. We also excluded patients
with BCVA less than 6/12 OU, colorblindness, or
treatment with retinal laser, intravitreal anti–vascular
endothelial growth factor (VEGF) injections, or vitre-
oretinal surgery. If patients received treatment during
the study period, further follow-up was discontinued.

Ophthalmic Examination

Other eye tests followed the OFA testing on
the same day. Matrix 10-2 perimetry was done on
each visit (Carl Zeiss Meditec, Inc., Dublin, CA,
USA). We measured BCVA with an ETDRS Chart 2,
corneal curvature with an auto-refractometer (ARK-
1s NIDEK Co. Ltd.; Hiroishi-cho, Gamagori, AICHI,
Japan), intraocular pressure with Goldmann appla-
nation tonometry, and pachymetry (Pachmate DGH
55; DGH Technology, Inc., Exton, PA 19341, USA).
Both pupils were then dilated with 1% tropicamide eye
drops for the rest of the eye examination. We evalu-
ated anterior and posterior segments under a slit-lamp
(BQ 900; Haag Streit, 3098 Koeniz, Switzerland). An
8 × 8 grid macular thickness scan and a retinal nerve
fiber layer analysis were done with OCT (Spectralis;
Heidelberg Engineering GmbH, Max-Jarecki-Straße,
Germany). ETDRS-compliant fundus photographs
were taken (Canon Digital Retinal Camera CR-2;
Canon Inc., Tokyo, Japan). Systemic blood pressure
and glycosylated hemoglobin (HbA1c) values were
recorded.

Multifocal Pupillographic Objective
Perimetry

Presentation of stimuli and monitoring of pupillary
diameter with infrared video cameras were undertaken
using a prototype mfPOP device, the OFA (Konan
Medical USA, Irvine, CA, USA), cleared by the US
Food and Drug Administration. The OFA presents
dichoptic multifocal stimuli to both eyes, measuring
direct and consensual responses from each eye concur-
rently.15 Figure 1 gives the stimulus layout. The patients
fixated a red plus-symbol at the center of the viewing
field. Fixation and blinks were monitored online, and
data obtained during those periods were removed.
The responses measured are the constriction amplitude
(sensitivity) and time to peak (delay). The OFA stimuli
and OCT 8 × 8 retinal thickness grid both overlapped
the boundaries of the Matrix 10-2 stimulus layout
(Fig. 2), permitting accurate mapping of all the data
onto equivalents of the 44 regions of the 10-2 pattern
using a published method.16 We have similarly mapped
the OCT 8 × 8 thickness grid onto the Matrix pattern
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Figure 1. Multifocal stimuli arranged in a dartboard layout consist-
ing of 44 test regions per eye. During OFA testing, stimuli of the
shape and brightness indicated were presented at these locations
as pseudo-randomly presented transient onset stimuli, duration
33ms. (A) Potentially overlapping stimuli are never presented simul-
taneously. Themeanper-regionpresentation intervalwas 4 seconds.
Stimuli were presented in nine segments of 40 seconds’ duration,
and thus each region was tested 90 times. The stimulus array
tested the central 30° (extending to ±15° eccentricity) of the visual
field, with the five interleaved rings of yellow stimuli. No stimuli
encroach upon the horizontal and vertical midlines. (B) Illustration
of luminance balancing.13 To aid viewing, only half of the regions in
each of two subsets of rings are shown, remaining regions as in A.
The objective of luminance balancing is to make response ampli-
tudes homogeneous across the entire field. Stimulus luminance
varied from134 to288 cd/m2 ona10-cd/m2 background.14 Vergence
deficits were corrected before testing.

to allow quantitative region-by-region comparisons of
structure and function in AMD.5 In all, 128 data sets
of macular thickness, sensitivities and delays from the
OFA, and Matrix perimeter sensitivities were mapped
onto a common spatial layout to compute per-region
correlations between structure/function measures.

Analysis

Data analysis was performed using MATLAB
(2016b; The MathWorks, Natick, MA, USA). The
response waveforms for each of the 44OFA test regions
per eye were extracted from raw pupillary responses
using multiple regression, with blinks removed from
the pupil data before regression.17 Responses for each
retinal region were fitted to a log-normal function,18
allowing per-region estimation of sensitivity and delay.
The regressive method also generates standard errors
for each sensitivity and delay, and to reduce the
effects of age and pupil size, the mean diame-
ters were standardized to 3.5 mm.15 Thus, we were
examining relative pupil constriction-amplitudes (as
decibel sensitivity) rather than absolute diameter, as is
common.19,20

Figure 2. Correspondences of the structural and functional
measures. (A) Overlap of the Spectralis OCT 8× 8 macular thickness
grid of 3 × 3° regions, set at its standard 7° tilt, with the Matrix
10-2 grid of forty-four 2 × 2° square stimuli. The thickness map was
flipped to fit projection onto the visual field. (B) Overlap of the 44
stimulus regions of the OFA test (extending to ±15° eccentricity of
visual field) with the 44 regions of Matrix 10-2.

Scatterplots and Principal Curves

Data for mapped 10-2Matrix-equivalent regions for
the OFA and OCT, as well as the Matrix data, now all
on the same grid, were used to generate scatterplots for
each data type onto the others. We examined trends
using principal curve analysis (Pcurve, of the Princurve
package of R version 2.15.0; Free Software Founda-
tion, Boston, MA, USA). Several perimeters have been
shown to have quite nonlinearly related data using this
method.21–23 We selected conservative parameters for
the method.24

Correlations

An issue for any analysis of DMO is that it can
be distributed asymmetrically across the retina, posing
a problem for comparing different eyes. To deal with
this issue, we averaged results from small groups of
field regions beginning with the OCT thickness data.
We then sorted those group-averaged retinal thickness
scores and applied that sort order to equivalent OFA
and Matrix scores. Thus, we were examining the OCT
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data from the thickest groups of regions with the OFA
and Matrix data from the same regions, wherever they
occurred across the field/retina. We then computed
correlations between these sorted scores. Correlation
matrices and their P values were calculated using the
corrcoeff function of MATLAB.

Logistic Regression

We investigated which variables were predictive of
clinically diagnosed DMO as opposed to diabetes with
no DMO. We compared the data from the central and
peripheral macula/field. Obviously, the main predic-
tor variable for DMO should be retinal thickness.
The question was, would there be any independent
variable(s) that had power to predict DMO compared
to diabetes without DMO? We fitted a generalized
linear mixed-effects logistic regression model (fitglme
in MATLAB) to account for the effects of multiple

comparisons, eyes, and repeats being nested within
participants.

Results

Demographics

A total of 33 patients with T2D, 17 men (51.5%),
were included for analysis. The mean age at presenta-
tion was 59.2 ± 10.5 years, and 19 patients had DMO
in at least one eye. The demographic details of the
participants are shown in Table 1. Across patients, the
maximumOCT central thickness was less than 350 μm,
and the total volumes were within normal limits.

Summary Data from Each Test Modality

As a preliminary analysis, we plotted the differ-
ence between each patient’s OFA data and age- and

Table 1. Demographic Characteristics of Patients
Retinopathy
Grading Blood Pressure

Visual Acuity
(LogMAR) Intraocular Pressure

Participant Age, y Gender
Diabetes
Duration, y

Diabetes
Macular Edema OS OD HbA1c Systolic Diastolic OS OD OS OD

mf87150 44 F 2.5 No 1 1 — 142 114 0 0 18 16
mf87156 57 F 3 No 1 1 7 136 79 0.4 0 13 13
mf87159 55 M 0.5 No 1 1 7.1 140 98 0 0 22 21.5
mf87168 79 M 11 No 1 1 7 120 68 −0.1 −0.1 18 17
mf87170 52 F 2 No 1 1 7.6 142.5 88 0 0.1 16.5 17.5
mf87171 65 F 12 No 1 1 7.3 141.3 79.3 0 0 20.3 19.7
mf87173 70 M 10 No 1 1 5.7 121.5 81.5 0 0 19.5 19.5
mf87175 60 M 0.5 No 1 1 6.3 127 86 0 0 14 14
mf87176 70 F 9.5 No 2 2 7.2 131 79 −0.1 −0.1 22 25
mf87178 45 F 5 No 1 1 8.1 147 92 0 0.1 21 21
mf87179 62 M 17 No 1 1 5.7 100 63 0 0 13 12
mf87180 69 M 5 No 1 1 5.8 127 73 0 0 16.5 16.5
mf87182 70 M 2 No 1 1 — 147 80 0.2 0.1 16 16
mf87184 60 F 34 No 1 1 6.2 126 76 0.1 0.1 19 20
mf87151 60 F 18.3 Yes 3 3 6.5 147.5 63 0 0.1 13 14
mf87152 63 M 30.5 Yes 5 5 8.4 149 85 0.3 0.2 12 12
mf87153 37 M 23 Yes 4 4 8.1 114 77 0.1 0.1 17 18
mf87154 52 M 1 Yes 4 1 8.5 140 90 0 0 14 14
mf87155 66 F 10 Yes 3 4 8.4 144 84 0.9 0.2 12 12
mf87157 62 F 8 Yes 3 1 6.7 119.8 80 0 0 18.8 18.3
mf87158 63 M 11 Yes 1 3 6.9 142.2 85.3 0 −0.1 16.8 16.8
mf87160 58 F 27 Yes 5 5 6.7 150 85 0.1 0.2 23 22
mf87161 27 M 20 Yes 5 4 9.5 137 71 −0.1 −0.1 13 14
mf87162 55 M 9 Yes 4 4 9 116 79 0.1 −0.1 13 13
mf87163 62 F 13 Yes 5 5 9.8 149.5 94.5 0.3 0.2 13.5 12.5
mf87164 67 M 4 Yes 2 1 6.6 136.7 92 0 0 18 18.3
mf87167 67 F 22.8 Yes 4 4 9.2 141.7 77.3 0.1 0 20.7 20.7
mf87169 54 M 10 Yes 3 1 8.3 129.3 78.3 0 0.1 18 16.3
mf87172 65 F 1 Yes 3 3 6.6 105.8 59.5 0 0 18.3 18.3
mf87174 55 F 17 Yes 4 4 9.1 137 83.7 −0.1 0 18.7 19
mf87177 67 M 13 Yes 1 2 6.3 143 85.8 0 0 16 15.8
mf87183 67 M 20 Yes 3 3 8.9 127 74 −0.1 0 18 18
mf87190 48 F 5 Yes 3 3 10.2 101 67 −0.1 0 12 12

Grading of DR: 0 = normal; 1 = diabetic with no signs (normal retina); 2 = diabetic with pathology not consistent with
retinopathy; 3 = minimal nonproliferative diabetic retinopathy (NPDR); 4 = mild NPDR; 5 = moderate NPDR, corresponding
to ETDRS grades 10, 20, 35, 43, and 47. Diagnosis of diabetes macular edema is based on clinical evaluation supported by the
OCT reports. OD: oculus dextrus or right eye; OS: oculus sinister or left eye.
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Figure 3. OFA data showing the difference compared to normal
in mean sensitivity and delays for the patients with diabetes, with
(blue symbols) and without (red symbols) DMO. Some data points are
labeledwith thepatient’s age so that these patients canbe identified
in both plots. (A) Mean sensitivity differences are largely negative,
indicating lower sensitivity compared to normal. The proportion of
patientswithhyposensitivity increaseswith thedurationof diabetes.
In the earlier stages, some patients show retinal hypersensitivity. (B)
Positive mean delay differences indicate that in most patients, time
to peakwas prolonged relative to normal. The proportion of patients
with prolongeddelays increaseswith the duration of diabetes. Some
early patients showed also faster than normal responses. The early
hypersensitivity and faster responses may indicate hyperactivity.

sex-matched normative data.We took themeans across
test regions, eyes, and repeats of their per-region sensi-
tivities and plotted them on their duration of diabetes
(Fig. 3A). Negative values indicate hyposensitivity
and positive values hypersensitivities, both relative to
normal. In early disease, some patients show retinal
hypersensitivity. We labeled some data points with the
participants’ ages to allow them to be identified across
the plots. The duration of diabetes wasmore important
than age of patients in determining retinal sensitivity
changes and sign.

The mean delay differences were positive, indicating
prolonged per-region delays for the patients compared
to controls (Fig. 3B). Negative delays, which indicated
faster than normal responses, were more common in
the patients with shorter diabetes duration. Thus, faster
than normal responses are associated with hypersen-
sitive responses. The observed delays are not simple
neuropathy of the iris, however, because large differ-
ences are observed between regions, and both signs of

response can occur in one retina (see Fig. 4 andDiscus-
sion).

Note that ±10-dB changes in sensitivity represent
a 100-fold difference (Matrix reported changes up to
30 dB, 1000×, e.g., Fig. 5). Normal response delays
are around 500 ms (depending on age and sex), so
±100 ms represents a ±20% change. A linear model
showed OFA sensitivity was related to delay at −5.00
± 1.27 dB/ms (P = 0.002). We also compared the
per-eye mean sensitivity and delay differences with the
ETDRS scores for each eye. Linear models indicated
DR did not significantly determine either the sensitiv-
ity or delays (Supplementary Fig. S1).

Comparing Data Types

This is well illustrated in Figure 4, which shows a
pair of data sets from a participant (mf87168) taken
17 months apart. The OCT data of Figure 4i (denot-
ing the four panels of the top row, i) appear little
changed between the two visits. The OFA sensitivity
data (Fig. 4ii) are remarkably consistent centrally and
show some hypersensitivity peripherally. The delay data
(Fig. 4iii) seem to showworsening delay in oculus sinis-
ter or left eye (OS) on the second visit, especially in the
inferotemporal field, which may be correlated with a
slight increase in thickness. The Matrix fields (Fig. 4iv,
v) are less consistent, especially for oculus dextrus or
right eye (OD). The total deviations (Fig. 4iv) show
some peripheral hypersensitivity (the pattern devia-
tions, Fig. 4v, would not be expected to show that),
which roughly matches the OFA sensitivities. Many
of these features were found in the fields of other
participants, which are supplied in the Supplementary
Figure S2.

Scatterplots and Principal Curve Analysis

The scatterplots and fitting of principal curves
(Pcurve) were performed separately for patients with
andwithoutDMO to identify any differences (Figs. 5A,
5B). Each panel in Figure 5A contains 1848 data
points, and Figure 5B has 3784. This means our
perception tends to be biased toward outliers. To
reduce this effect, we made the dots translucent
so that more saturated parts of the plots indicate
where the bulk of the data is, and that drives the
Pcurve outcomes. We observed a quantized distribu-
tion of the values measured by the Matrix perimeter
(Figs. 5A, 5Bii, v, vii, viii, ix, xi), as was expected.22,23
With increasing delay, the OFA and Matrix sensitiv-
ity tended to drop (Fig. 5i, ii). The trends for OFA
sensitivity and OCT macular thickness were interest-
ing. For the DMO group, the Pcurve data suggest
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Figure 4. Illustration of datamapped to the 10-2 format for two visits 17months apart (A, B) from a patient with diabetes whose initial age
was 79 years. The pairs of columns in A (initial visit) and B (17 months later) are for OD and OS. From top to bottom, the rows of data show
OCT retinal thickness, OFA sensitivities anddelays, andMatrix total deviations (TDs) andpattern deviations (PDs). The rows are also identified
by the numerals i to v. (i) The OCT data are very consistent between visits. (ii) The OFA sensitivities (OFA Sens) are consistent between visits
with some superior loss and peripheral hypersensitivity. (iii) Delays appear to have grown on the second visit, especially OS. (iv, v) TheMatrix
TD and PD data are variable between visits, with the TDs showing some peripheral hypersensitivity, especially on visit 2. In this case, the OFA
showed more consistent sensitivity results than the Matrix 10-2 perimeter. See all 64 data sets in the Supplementary Figure S2.

that thinner than normal retina is associated with
hypersensitivity, moving to depressed sensitivity for
thicker retina (Fig. 5Bvi, xi). For diabetes without
DMO, the trend seemed to be reversed, with thicker
retina being associatedwith hypersensitivity (Fig. 5Avi,
xi). Decreasing macular thickness seemed to trend
toward longer delays (Fig. 5iii, x). TheMatrix andOFA
sensitivities are quite correlated, although the PCurve
is biased by the bulk of the data being at smaller values
(Fig. 5v, viii).

Analysis by Retinal Location in Patients with
DMO

For patients withDMO,we clustered the 44macular
regions/eye into eight groups, four central and four
peripheral (Fig. 6). Within these groups, we computed
the means of the per-region OCT thicknesses (relative
to normative data), OFA sensitivities and delays,
and Matrix sensitivities, to yield eight scores per
eye/participant/visit, eight for each testing modality.
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Figure 5. Scatterplots andprincipal curves. Themapping of all four
data types onto the 10-2 pattern allowed scatterplots to be drawn,
in which each dot represents a visual field region for each pair of
data types. The individual dots are translucent to allow the density of
overlap to be seen. The blue dots are the principal curves (PCurves)
illustrating the main trends. A and B each show 12 plots for the
patientswithdiabetes andDMO, and the twoarepresented together
to permit easy comparisons. Each column of A and B is for one of the
four data types from left to right: OFAdelay (de), OFA sensitivity (Sens,
se), Matrix total deviations (TD,mt), andOCT thickness (Thick, oc). At
bottom left of each panel is a two-part mnemonic to help recall the
meaning of the x and y axes of a given panel. Thus, “de, oc” (in A, Biii)

We next sorted the OCT thickness scores for each
eye/participant/repeat and then sorted the sets of eight
scores from the other testing modalities following the
thickness order. In this way, sensitivity and delay data
were ordered by thinnest to thickest groups of OCT
regions, allowing cross-modality comparisons regard-
less of where the focus of edema occurred.

Correlations between scores for each modality are
shown in Table 2. We computed the mean of the two
scores corresponding to the two thickest groups and
calculated the correlations on those means. OCT thick-
ness was significantly inversely correlated with OFA
sensitivity and delay but not Matrix sensitivity. The
significant correlations (all P < 0.0032) are in bold.
Matrix sensitivity was marginally correlated with OFA
delay: that correlation of −0.169 was at P = 0.120.

As we have reported in AMD, different responses
can be happening in the central and peripheral macular
regions.5,25,26 Therefore, in the next analysis, the scores
for each data type were separately sorted within four
the central and four peripheral retina groups according
to the OCT thickness in those groups (Fig. 6).

First, we analyzed the data from the patients with
DMO (Table 3). Again, the means of the scores

←
indicates OCT thickness plotted on OFA delay. The rows of A and B
are in the same order as the columns, and thus the panels of A and
B each have the form of a correlation matrix, and so all the unique
information is captured by either the lower or upper triangular part of
Aor B, but showingboth allowspairs of plotswith transposed axes to
be seen. Plots of a variable on itself on the diagonals are not shown.
Each panel of A contains 1848 dots = 44 (regions) × 2 (eyes) × 21
(tests), and B has 3784 dots = 44 × 2 × 43. In case of the OCT data,
(21 + 43) × 8 × 8 = 8192 8 × 8 grid data contributed to the 5632
OCT points, here using the mapping of Figure 2A.

Figure 6. The macular regional groups. The macular regions were
grouped into eight groups, denoted here by color coding and
number. Groups 1 to 4 represent central macula, and groups 5 to 8
represent peripheral macula.
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Table 2. Correlation Coefficients for Data From DMO
Patients’ Macular Region Groups Sorted by OCT Thick-
ness

Characteristic OCT Odelay Osens Matrix

OCT 1 0.315 −0.317 −0.095
Odelay 0.315 1 −0.585 −0.169
Osens −0.317 −0.585 1 0.135
Matrix −0.095 −0.169 0.135 1

Correlations are between for data from the thickest two
of eight groups for each eye of the patients with DMO.
OCT represents thickness, and Matrix represents Matrix total
deviations. The significant correlations are shown in bold,
those that are marginally significant are in normal font, and
nonsignificant correlations are italicized. Odelay, OFA delay;
Osens, OFA sensitivity.

for the two thickest groups were used to calculate
the correlations. The significant correlations (all P <

0.0012) are in bold. The correlation of −0.206 between
central-Matrix and peripheral-OFA delay was at P =
0.057, and that between central-Matrix and central-
OFA delay was −0.210 (P = 0.052). The main results
can be seen in the first and fifth columns showing the
correlation between peripheral and central OCT thick-
ness (pOCT and cOCT) and the other variables. cOCT
was not correlated with any of the other variables,
while pOCT was correlated with central and periph-
eral OFA delay and inversely correlated with sensitivity
data. Central Matrix data (column 8) were marginally
inversely correlated with peripheral OFA delay. Inter-
estingly, central and peripheral OCT data were moder-
ately correlated with each other (r = 0.636), while
central and peripheral data for both OFA and Matrix
were well correlated, all r > 0.9.

Similarly, we have analyzed the data for the diabet-
ics without DMO (Table 4). Significant correlations are
bolded and had a median P value of 0.001 (least signif-
icantP= 0.048). The correlation between pOCT thick-
ness and central-OFA delay of −0.284 had a P value of
0.065.

Independent Determinants of DMO versus
No DMO

We used a mixed-effects logistic regression to deter-
mine which central and peripheral functional data can
contribute to a clinical diagnosis of DMO by compar-
ing the patients with and without DMO (Table 5).
Surprisingly, peripheral, but not central, OCT thick-
ness as well as central OFA sensitivity both contributed
independently to the odds of patients having DMO.

Being male and each repeat visit (time in the study) also
significantly increased the odds of DMO.

We investigated what happened if we removed
pOCT, leaving no OCT data. Central OFA sensitiv-
ity remained significant (P = 0.045). In both models,
increased OFA sensitivity relative to normal increased
the odds for each dB by about 1/0.85 = 18% per dB.
We also did a logistic regression on DMO versus none
using the data points of Figures 3A, 3B. DMO was
determined by years of diabetes (YoD) (P = 0.01) and
an interaction between YoD and delay (P = 0.02).

Discussion

It has been challenging to find a suitable diagnos-
tic tool to monitor functional changes prior to the
clinically diagnosable DMO, or even early DMO,
and potentially provide better management. So far,
treatment is administered mainly based on macular
structural changes (OCT) and visual acuity. Here
there was no correlation with acuity as vision was
normal. A study on enhancing risk assessment in
patients with DR found that the prediction of subse-
quent intervention was best when combining structural
and functional (electroretinography) information.27
We correlated functional assessment using OFA and
Matrix perimetry with structural changes.We recruited
patients with T2D without or with mild DMO, so
their macular thickness was normal or near normal,
to examine if functional damage could precede major
structural change. The need to introduce mapping
between device reporting methods (Fig. 2) illustrates
a flaw in current standards. In an attempt to improve
the situation, we have introduced the OFA M18 test.
M18 has stimuli that are the size of each ETDRS grid
region split in two, thus providing simple structure–
function comparisons between M18 and OCT data.
M18 concurrently tests both eyes in 80 seconds.28

Although DR is traditionally regarded as a
microvascular disease, growing evidence indicates
that the degeneration of retinal neurons also occurs
before clinical signs of DR, and the typical microvascu-
lar alterations of DR may be a subsequent event,29,30
which is also demonstrated by animal models.31 In
early diabetes, the On-sustained retinal ganglion cells
(RGCs) receive excessive excitation under dark- and
light-adapted conditions.31,32 We observed that the
mean sensitivity difference compared to normal in
the patients with diabetes, both with and without
DMO, was reduced, particularly later in the disease. It
appeared that in earlier diabetes, there was an initial
stage of hypersensitivity, which gradually progressed to
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Table 3. Patients With DMO Comparing Central Versus Peripheral Group Data

Peripheral Groups Central Groups

Characteristic OCT Odelay Osens Matrix OCT Odelay Osens Matrix

Peripheral
OCT 1 0.366 −0.345 −0.016 0.636 0.449 −0.343 −0.004
Odelay 0.366 1 −0.616 −0.160 0.081 0.916 −0.650 −0.153
Osens −0.345 −0.616 1 0.177 −0.110 −0.611 0.941 0.125
Matrix −0.016 −0.160 0.177 1 −0.018 −0.210 0.100 0.938

Central
OCT 0.636 0.081 −0.110 −0.018 1 0.152 −0.118 0.090
Odelay 0.449 0.916 −0.611 −0.210 0.152 1 −0.622 −0.206
Osens −0.343 −0.650 0.941 0.100 −0.118 −0.622 1 0.067
Matrix −0.004 −0.153 0.125 0.938 0.090 −0.206 0.067 1

Matrix representsMatrix total deviations. The significant correlations are shown in bold, those that aremarginally significant
are in normal font, and nonsignificant correlations are italicized.

Table 4. Patients With Diabetes Without DMO Comparing Central Versus Peripheral Group Data

Peripheral Groups Central Groups

Characteristic OCT Odelay Osens Matrix OCT Odelay Osens Matrix

Peripheral
OCT 1 −0.359 0.012 0.045 0.818 −0.284 −0.014 −0.015
Odelay −0.359 1 −0.502 −0.131 −0.348 0.959 −0.546 0.011
Osens 0.012 −0.502 1 0.379 0.102 −0.443 0.967 0.232
Matrix 0.045 −0.131 0.379 1 0.220 −0.162 0.342 0.872

Central
OCT 0.818 −0.348 0.102 0.220 1 −0.307 0.130 0.151
Odelay −0.284 0.959 −0.443 −0.162 −0.307 1 −0.490 −0.039
Osens −0.014 −0.546 0.967 0.342 0.130 −0.490 1 0.179
Matrix −0.015 0.011 0.232 0.872 0.151 −0.039 0.179 1

Matrix representsMatrix total deviations. The significant correlations are shown in bold, those that aremarginally significant
are in normal font, and nonsignificant correlations are italicized.

hyposensitivity with increasing duration and severity
of the disease (Figs. 3, 5). Similarly, delays could be
quicker than normal earlier in the disease. These signs
of apparent hyperactivity appear at different times in
different parts of the field. We have already reported
similar findings with OFA in early T2D without
DMO,7,8,10 indicating that several stages of functional
change may be identified before structural change.7
Here progression of delays could precede structural
change (cf. Fig. 4, rows i and iii). Detailed analysis of
progression in this study is given elsewhere. This hyper-
activity in early stages is also supported by animal
experiments suggesting increased activity of ON-type
RGCs occurs before massive RGC apoptosis.33

OFA peripheral hypersensitivity was also shown to
agree with multifocal visual evoked potentials when
tested on the same patients with diabetes.8 Those hyper-

sensitivities were observed on electroencephalogram
electrodes recording the extrastriate cortex,8 which is
known to synapse with the pretectal olivary nucleus.34
Just like OFA, multifocal electroretinogram (mfERG)
delays not only precede the onset and progression of
retinopathy but also predict the location of future
retinopathy up to 3 years before the visible changes
occur.35

Our recent study of AMD with OFA identified
two types of patients based on peripheral macular
responses: a positive type showing hypersensitivity and
prolonged delay and a negative type with hyposensi-
tivity and delay shorter than normal.25,26 In another
study, we reported that extrafoveal hypersensitiv-
ity among the AMD cases was a good prognostic
biomarker for improvement with early ranibizumab
therapy.36
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Table 5. Mixed-Effects Logistic Regression Model Summary

Characteristic Odds Log(Odds) SE t-Stat P Lower Upper

(Intercept) 0.072 −2.625 0.834 −3.149 0.0021 −4.276 −0.974
Visits 2.923 1.073 0.305 3.512 0.0006 0.468 1.677
Male 3.742 1.320 0.605 2.180 0.0313 0.121 2.518
pOCT 1.042 0.041 0.016 2.582 0.0111 0.010 0.072
pOdelay 1.002 0.002 0.008 0.203 0.8391 −0.014 0.017
pOFAsens 1.094 0.090 0.075 1.191 0.2359 −0.059 0.239
pMatrix 1.085 0.081 0.127 0.642 0.5222 −0.170 0.332
cOFAdelay 0.996 −0.004 0.008 −0.588 0.5579 −0.020 0.011
cOFAsens 0.849 −0.164 0.080 −2.044 0.0432 −0.323 −0.005
cMatrix 0.869 −0.140 0.115 −1.220 0.2251 −0.368 0.087

Matrix represents Matrix total deviations. The significant correlations are shown in bold, those that are marginally signifi-
cant are in normal font, and nonsignificant correlations are italicized. Lower and upper are the 95% confidence limits of the
log(odds). cOFAdelay, central OFA delay; cOFAsens, central OFA sensitivity; cMatrix, central Matrix; pMatrix, peripheral Matrix;
pOdelay, peripheral OFA delay; pOFAsens, peripheral OFA sensitivity.

Principal curve analysis was first used by Artes et
al.21 and later by Wall et al.22 to compare per-region
results between different perimeters. We used it to
compare macular thickness by OCT, functional assess-
ment withMatrix, and OFA in terms of sensitivity and
delay (Fig. 5). The Pcurves of Figure 5Ai, ii, iii, and
v show clear trends. Supplementary Figure S1 shows
regression lines that are a good match for the shallow
sloping Pcurves of Figure 5ii and v. The Pcurves for
Matrix sensitivity versus OCT thickness indicated the
lack of correlation shown by Tables 3 and 4. There was
no simple correlation between macular thickness and
OFA sensitivity. Instead, sensitivity fluctuated between
hyper- and hyposensitivity, possibly related to progress
of the disease (cf. Figs. 3 and 5vi, xi). Taken together,
the results suggested that functional change precedes
structural in diabetic patients with and without DMO.

On examining the groupmean scores of themacular
thickness, OFA sensitivity and delay, and Matrix data
(Fig. 6), we found that the central macular thick-
ness was not correlated with any other variables, while
peripheral macular thickness was inversely correlated
with central and peripheral OFA sensitivity and corre-
lated with delay (Tables 3, 4). Previously, we have
reported that in AMD, BCVA was related to the off-
axis macular thickness and average Matrix 10-2 sensi-
tivity loss but not the central thickness.10 This may
be due to the fact that ganglion cell densities are
higher off-axis than centrally.37 The disorganization of
the retinal inner layers (DRIL), including the RGC
layer, serves as prognostic biomarker in DMO: patients
without DRIL have better responses to treatment and
better visual recovery.38 Another study reported that
the presence of RGC layer cysts in DMO yields poorer
prognosis than those without RGC layer cysts.39

The reduction in the thickness of the RGC layer
and inner plexiform layer, measured by OCT and
microperimetry, is correlated with improved acuity
following anti-VEGF treatment of DMO.40 RGC loss
is present in patients with diabetes, even without DR.41
These studies indicate that involvement of the RGC
layer in DMO is a significant pathophysiologic process
that affects retinal function, as illustrated by decreased
OFA sensitivity and prolonged delays in the current
study.

Our mixed-effects logistic regression analysis deter-
mined that peripheral macular thickness and OFA
sensitivity contributed independently to a clinical
diagnosis of DMO versus no DMO. Male gender
increased the odds of DMO, which could be because
T2D ismore common inmen than inwomen,42 andDR
ismore common amongmen due to genetic susceptibil-
ity and other factors.35

A noticeable feature of many of theOFAdelay plots
is just how long some of the delays are (e.g., Figs.
4, 5). This cannot be due to iris neuropathy because the
isolated per-region changes reflect localized functional
changes, as reported even in persons with no peripheral
neuropathy.7,9 It is possible, however, that iris neuropa-
thy contributed to the extended per-region delays by
effectively stretching them out in time. That is, if
the iris itself was becoming slower, the effect would
be to low-pass filter (smooth) all the responses. This
cannot, however, explain retinas showing both faster
and slower than normal responses (e.g., Fig. 4iii).

This study is limited by a small number of partici-
pants. Some patients were recorded to have developed
DMO and DR within less than 5 years of diabetes
duration, which might be inaccurate due to misre-
porting by the patients, or late diagnosis. DMO and
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diabetes were associated with peripheral functional
change, as measured by OFA but not Matrix.

Conclusions

OFA may be a useful tool for assessing retinal
function, detecting altered sensitivity and delay
even before detectable structural changes. Peripheral
macular regional thickness was more correlated with
OFA sensitivity and delay than the central macula.
Thus, peripheral macular health may have higher
prognostic value than central retinal.
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