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ABSTRACT.

Objective: To compare retinal function assessed by full-field electroretinography
(ffERG) and multifocal electroretinography (mfERG) in diabetes without
retinopathy, diabetes with moderate non-proliferative diabetic retinopathy
(NPDR) and in the absence of diabetes.

Methods: Scotopic and photopic ffERG and mfERG was made in non-fasting
volunteers, including 26 diabetic participants without retinopathy, 22 diabetic
participants with moderate NPDR and 22 participants without diabetes using
full International Society for Clinical Electrophysiology of Vision protocols.
Results: Of the ffTERG responses, significant deviation (p < 0.05, corrected for
multiple sampling and other relevant confounders) from the non-diabetic
participants was seen in the diabetic participants only for the OP1-OP3
oscillatory amplitudes and the OP2 implicit time. This finding was independent
of whether retinopathy was present or not. For the mfERG, minor amplitude or
implicit time deviations were found for a small number of rings (R2, R4 and RS).
Receiver of operating characteristic analysis showed that the single most
prominent abnormality of the ffERG in diabetes, regardless of whether retinopathy
was present or not, was the OP2 implicit time (area under the curve > 0.80).
Conclusion: This bi-modal study of electroretinographic characteristics found that
the most prominent anomaly associated with diabetes was a prolongation of the implicit
time of the OP2 of the scotopic ffERG, while the most prominent added effect of non-
proliferative diabetic retinopathy was a further prolongation of the OP2 implicit time.
Although the variation in ERG characteristics is far too large for diagnostic purposes,
the close association of the oscillatory potentials with the amacrine cells of the retina
indicate that their function is particularly sensitive to diabetes.
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Background

Diabetic retinopathy (DR) is estimated
to develop in 56% of patients with type
1 diabetes mellitus (T1DM) and 30%
of patients suffering from type 2 dia-
betes mellitus (T2DM) (Thomas et al.
2015). With an expected global increase
in the prevalence of diabetes from 415
million in 2015 to 642 million by 2035,
DR continues to be a major economic
and healthcare challenge in the upcom-
ing decades (International-Diabetes-
Federation 2015).

Diabetic retinopathy is the leading
cause of visual impairment among
individuals at the working age, and
early detection of DR is important to
avoid blindness (Yau et al. 2012).
There is emerging evidence that DR
can usually be detected even before it is
visible on ophthalmoscopy and fundus
photographic imaging (Coupland 1987;
Park et al. 2003; Villarroel et al. 2010).
Moreover, early signs of retinopathy,
that is microaneurysms and haemor-
rhages can disappear spontaneously
and thus are unreliable clinical out-
comes in the studies, where progression
and regression of earliest retinopathic
signs might determine the efficacy of
novel drugs (Hellstedt & Immonen
1996; Adams & Bearse 2012). Cur-
rently, plenty of researches are being
conducted on developing novel thera-
pies to treat DR and diabetic macular
oedema (DMO) (Mansour et al. 2020).
As such, full-field (ffERG) and multi-
focal electroretinography (mfERG) are
non-invasive, objective and sensitive
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methods to detect subtle retinal
changes in clinical trials (Hood et al.
2012; McCulloch et al. 2014; Jenkins
et al. 2018). Whereas ffERG records
summed electrical response from the
entire retina, mfERG can detect local-
ized abnormalities from different
regions of the retina (Hood et al.
2012; McCulloch et al. 2014). ffERG
can be conducted both in scotopic and
photopic conditions (McCulloch et al.
2014). Subclinical scotopic ffERG
biomarkers of DR include reduced
rod-initiated function (b-wave ampli-
tude and implicit time) (Luu et al.
2010) and reduced amacrine-mediated
oscillatory potentials (OPs) (Yonemura
et al. 1962; Bresnick et al. 1984; Juen &
Kieselbach 1990; Yoshida et al. 1991;
Lachapelle 1994; Vadala et al. 2002;
Luu et al. 2010; Adams & Bearse 2012;
Longhin et al. 2016). Specially the
amplitudes and implicit times of OPs
in diabetes without visible retinopathy
are shown to consistently deviate from
non-diabetic retinas (Li et al. 1992).
Photopic ffERG components, which
can also be affected in diabetics without
retinopathy (no-DR) include implicit
time of cone-mediated ERG response,
whereas the amplitude of cone pathway
have shown conflicting results (Yama-
moto et al. 1996; Luu et al. 2010;
Jansson et al. 2015; McAnany et al.
2019; McAnany & Park 2019; Zenget al.
2019). On the other hand, mfERG in
diabetics with no-DR has shown con-
flicting results; recently Frydkjaer-Olsen
etal. 2017 did not find any changes in the

amplitude and implicit times of mfERG
in diabetics without DR or with mild
DR; however, previous studies have
reported changes in the implicit time
and/or amplitudes of mfERG in diabet-
ics without vascular changes (Fortune
et al. 1999; Klemp et al. 2005; Harrison
et al. 2011; Adams & Bearse 2012;
Abdelkader 2013). Our literature review
reveals that a comprehensive and sys-
tematic assessment of electroretino-
graphic changes in diabetic patients is
needed. In this study, we performed
scotopic and photopic ffERG, and
mfERG in diabetes with no-DR and
moderate non-proliferative DR (NPDR).

Methods

Subjects

We consecutively recruited 48 diabetics,
consisting of 26 patients with no-DR
and 22 with NPDR, from Steno Dia-
betes Center Copenhagen. We also
recruited 22 healthy controls from Cap-
ital Region of Denmark (Table 1). The
study was approved by the Committee
on Health Research Ethics at the Cap-
ital Region of Denmark (H-15013160)
and followed the tenets of the Declara-
tion of Helsinki. Written informed con-
sent was obtained from all participants.
The inclusion criteria were TIDM or
T2DM with no-DR or with NPDR,
diabetes duration >15 years and age
between 40 and 80 years. The exclusion
criteria were binocular retinal laser
photocoagulation, pregnancy, retinal

diseases other than DR and excessive
myopia (>—6.0 D).

Clinical examination

Every subject underwent slit lamp
examination, intraocular pressure mea-
surement, indirect ophthalmoscopy
and measurement of visual acuity using
Early Treatment Diabetic Retinopathy
Study (ETDRS) chart. Arterial blood
pressure was measured by an auto-
matic monitor (Microlife AG, 9443,
Widnau, Switzerland) and venous
blood samples were collected to deter-
mine the glycated haemoglobin
(HbA;.). A five-overlapping imaging
of the retina, each covering 45-degree,
was acquired from each eye in dilated
condition (Topcon TRC-NWS8 Non-
Mydriatic Retinal Camera; Topcon
Corporation, Tokyo, Japan). Ima-
geNet software program was used to
create a single mosaic image from the
five image-fields (nasal, temporal, supe-
rior, inferior and poster pole), and
trained readers staged the degree of
retinopathy according to the Steno
Grading Scale, which is comparable
to ETDRS staging (for more informa-
tion see (Hansen et al. 2005)). We
included diabetic patients without and
with moderate NPDR (dot and blot
haemorrhages, microaneurysms and
hard or soft exudates, Fig. 1). The
patients were additionally scanned with
spectral domain optical coherence
tomography (SD-OCT, Topcon Cor-
poration, Tokyo, Japan). Healthy

Table 1. Clinical profile of healthy controls, diabetic patients without retinopathy (no-DR) and with non-proliferative diabetic retinopathy

(moderate NPDR).

Patients with diabetes (n = 48)
Controls (n = 22) No-DR (n = 26) p* With NPDR (n = 22) p'

Sex (%, female;male) 68;32 31,69 0.07 36;64 0.11
Age (years, mean + SD) 59.0 £ 10.9 63.6 £+ 8.6 0.23 61.1 £9.5 0.75
BMI (kg/m? mean + SD) 24.8 £ 3.5 274 £ 3.5 0.18 29.0 £ 7.2 0.02
Blood pressure (mmHg)

Systolic (mean + SD) 131.2 + 134 139 + 14.7 0.18 138.6 + 14.1 0.21

Diastolic (mean + SD) 82.2 + 134 773 +£ 04 0.10 81.3 £ 7.2 0.93
Smoking (%, yes:no) 5,95 12;88 1.0 9;91 1.0
HbA . (mmol/mol, mean + SD) 352 £ 2.6 58.0 + 12.1 <0.01 67.7 £ 12.8 <0.01*
Diabetes duration (years, mean + SD) 0.0 £ 0.0 282 +£ 9.4 <0.01 29.7 £ 9.7 0.01
Visual acuity (ETDRS, mean + SD) 87.1 + 34 86.9 + 4.7 0.99 82.0 + 8.3 0.01%
Refractive error (mean + SD) 0.40 + 1.77 —-0.23 + 1.71 0.62 —0.28 + 1.97 0.47
IOP (mmHg, mean + SD) 143 £ 2.7 142 +£22 0.99 16.1 + 2.8 0.05%

BMI = Body Mass Index; DR = diabetic retinopathy; ETDRS = Early Treatment Diabetes Retinopathy Study; HbA,. = glycated hemoglobin;
IOP = Intraocular pressure; NPDR = non-proliferative diabetic retinopathy.

* p-value for difference between controls and diabetics without retinopathy.

T p-value for difference between controls and diabetics with NPDR.

¥ Significant difference between diabetic patients without retinopathy and diabetic patients with NPDR (p-value not shown).
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Fig. 1. Fundus image of a 68-year old female subject without diabetic retinopathy (no-DR) on the
left panel compared to the images of a 64-year old male subject with moderate non-proliferative
diabetic retinopathy (NPDR) on the right panel. The white arrows on the right panel indicate
small retinal haemorrhages and the yellow arrows indicate microaneurysms.

controls were scanned with Heidelberg
SD-OCT (Heidelberg Engineering
GmbH, Heidelberg, Germany) to
exclude retinal diseases.

Testing procedure

We performed scotopic- and photopic
ffERG and light adapted mfERG
according to standard of the Interna-
tional Society for Clinical Electrophys-
iology of Vision (ISCEV), using RETI-
scan Ganzfeld dome system (RETI-
port/scan21, Roland Consult, Bran-
denburg, Germany) (McCulloch et al.
2014). The ISCEV programs for ffERG
and mfERG are the standard features
of the RETI-port/scan2l. For both
ffERG and mfERG, we only measured
one eye of the patients. The ERG

procedures started with pupil dilation
using topical phenylephrine hydrochlo-
ride 10% and tropicamide 1%, fol-
lowed by placement of the active DTL
electrodes (Dawson, Trick and Litz-
kow) across the limbus for recording, a
gold-cup skin-electrode superotempo-
ral to the orbital rim as reference and a
ground electrode on the forehead. Prior
to the emplacement of the skin elec-
trodes, the skin was cleaned with skin
preparation gel (Nuprep EEG & ECG
gel) to reduce the impedance, and an
impedance level <10 kQ was accepted.
Conductive paste was applied to the
skin electrodes to enhance the electrical
signals.

Scotopic ffERG was conducted after
minimum 20-min of dark adaptation,
and photopic ffERG was performed
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after 10-min light adaptation. We used
Ganzfeld light stimulation (Ganzfeld
Q140), which is integrated in the RETI-
port/scan2l and consists of 400 mm
full-field globe with a central fixation
red LED light and an integrated infra-
red monitoring camera. The light stim-
ulation was performed with subject
focusing on the fixation spot, and the
examiner was observing the fixation on
the monitor. The light intensity and
durations were according to ISCEV
standards (McCulloch et al. 2014). For
each stimulus, averaging of at least five
recordings was performed. The ffERG
outcomes were amplitudes (uV) and
implicit times (ms) of: scotopic rod-
initiated b-wave as response to weak
flashes at 0.01 cd*s*m~2 (DAO0.01),
scotopic combined rod/cone-mediated
a- and b-wave to strong flashes at
3 cd*s*m ™2 (DA3.0) and 10 cd*s*m >
(DA10.0), scotopic amacrine-mediated
oscillatory potentials to strong flashes
(OP1, OP2 and OP3), photopic a- and
b-wave to strong flashes (LA3.0) and
30 Hz flicker ERG measured from
trough (N1) to peak (P1) of the second
wave to repeated strong stimuli at
3 cd*s*m™? (30 Hz flicker), Fig. 2
(McCulloch et al. 2014).

The mfERG was conducted in pho-
topic condition with the pupil of the
study eye dilated. The distance from
the chinrest to the stimulation screen
was 28 cm and correction lenses (+3
diopter) was added to patient’s own
refractive errors. The stimulations were
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Fig. 2. Example of a full-field electroretinogram (ffERG) on the left and a multifocal electroretinogram (mfERG) on the right panel in a healthy
subject. The dark-adapted (DA) ffERG outcomes included DA0.01, DA3.0, DA10.0 and oscillatory potentials (OP), whereas the light adapted (LA)
ffERG comprised the LA3.0 and LA flicker. The mfERG is presented both as a trace array and 3D map. For more details, please read the main text.
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displayed on a cathode ray tube (CRT)
19" monitor with a luminance at
220 cd/m>. The study eye was stimu-
lated with 8 runs of 61 hexagonal
elements, covering 54° of the retina
(27O radius from fixation point). The
outcomes of mfERG were implicit time
and amplitude of the first order kernel,
rings 1-5 (Fig. 2).

Statistics

Continuous data are presented as
mean + SD and categorical data are
expressed as percentage. For the con-
tinuous data, a one-way analysis of
variance (ANovA) was conducted to test
the overall differences between the three
group means (controls, diabetics with
no-DR and with NPDR), and when
there was an overall significant differ-
ence, Tukey’s honestly significant dif-
ference (HSD) post hoc test was run to
identify the differences between two
specific groups. Chi-squared test was
run for the categorical outcomes. Recei-
ver operating characteristic (ROC)

curves, plotting the sensitivity (true
positive rate) as function of 1-
specificity (false positive rate), were used
to calculate area under curve (AUC) of
the implicit times and amplitudes of
ffERG- and mfERG parameters for
each of the three groups. p-values were
adjusted for BMI, age, sex, HbAlc and
diabetes duration by adding these
parameters in the post hoc ANOVa-
model as covariates. Statistics were
conducted using r version 3.5.3 (R
Foundation for Statistical Computing,
Vienna, Austria. URL https://www.R-
project.org). The study was performed
in prospective manner, and we con-
ducted power calculation prior to the
study. The sample size was based on our
previous experience with measurements
of oscillatory potential amplitudes (V)
with full-field ERG in diabetic patients.
With a minimal clinically relevant dif-
ference at 17.8 uV we would be able to
detect a difference in oscillatory poten-
tial amplitudes (uV) with 80% power
using a sample of at least 16 subjects.
The risk for type-1 error was sat to 5%.

Results

Clinical characteristics of the 48 diabetics
and 22 healthy controls are summarized
in Table 1. There were no significant
differences in age, sex, blood pressure,
smoking and IOP between non-diabetic
controls and diabetics with no-DR or
with NPDR (n.s.). However, patients
with NPDR had significantly higher BMI
compared to healthy controls (p = 0.02)
and significantly higher HbA . than both
healthy controls (p < 0.01) and diabetics
with no-DR (p < 0.01). In addition,
visual acuity was significantly poorer in
diabetics with NPDR compared to both
no-DR group as well as non-diabetic
controls (p < 0.01).

Scotopic and photopic ffERG

The amplitude of rod-initiated DA0.01 b-
wave was reduced in patients with NPDR
(p = 0.04), but not in those with no-DR
(p = 0.47) (Table 2). The implicit time of
rod-initiated DAO0.01 b-wave, and the
implicit time and amplitude of the

Table 2. Full-field electroretinographic amplitude (uV) and implicit time (ms) of dark-adapted rod- (DAO0.01) or combined rod/coned-initiated
(DA3.0) pathways, amacrine-mediated scotopic oscillatory potentials (OP1-OP3) and photopic cone-initiated pathways in healthy controls and
diabetic patients with and without non-proliferative diabetic retinopathy (NPDR).

Controls (n = 22) No-DR (n = 26)

With NPDR (1 = 22)

Mean + SD Mean + SD p* Mean + SD pf
Scotopic ERG

DAO0.01 (rod) b-wave (uV) 228.9 + 61.0 184.45 + 65.1 0.19" 195.1 + 73.2 0.04
b-wave (ms) 98.3 £+ 7.9 101.5 + 11.3 0.63 106.2 + 13.9 0.08

DA3.0 (rod/cone) a-wave (uV) 203.3 + 84.2 176.9 + 67.9 0.33%7 165.6 & 62.8 0.13%1
a-wave (ms) 19.5 + 6.1 19.8 + 2.6 0.95 20.9 + 3.2 0.51
b-wave (uV) 3249 + 96.3 280.1 + 82.9 0.18" 296.2 + 98.2 0.53"
b-wave (ms) 52.8 + 10.7 57.1 £ 17.8 0.48% 56.1 + 6.4 0.69"

DA10.0 a-wave (uV) 2542 + 87.1 192.9 + 483 0.008% 208.8 + 82.3 0.08"
a-wave (ms) 159 £ 1.5 16.8 + 0.8 0.03% 17.1 £ 1.36 0.002*
b-wave (uV) 345.9 + 98.6 294.8 + 89.3 0.16° 314 + 1247 0.52
b-wave (ms) 521+72 553 £ 10.2 0.41 553 + 6.7 0.42

OP (amacrines) OP1 (nV) 31.1 £ 15.5 17.9 + 10.9 0.001% 20.4 + 11.6 0.019
OP2 (uV) 80.6 + 32.7 59.6 + 22.8 0.03 60.2 + 27.7 0.046
OP3 (nV) 38.4 + 249 19.7 £ 12.3 0.00 23.6 + 19.1 0.03
OP1 (ms) 19.1 £ 0.8 19.9 + 2.1 0.19 203+ 1.3 0.02
OP2 (ms) 259 + 09 27.5 + 2.1 0.002% 273+ 15 0.008*
OP3 (ms) 327 + 1.1 34.0 £ 2.8 0.09 34.5 + 2.0 0.02°

Photopic ERG

LA3.0 (cone) a-wave (LV) 36.4 + 26.7 269 + 8.2 0.11% 29.1 £ 14.3 0.29%
a-wave (ms) 150 + 1.3 154 + 1.5 0.62 16.0 1.7 0.07
b-wave (uV) 122.7 + 44.7 106.8 + 24.8 0.27 107.9 + 49.7 0.35"
b-wave (ms) 313+ 1.3 31.5 £ 1.2¢ 0.89% 333 +£2.7 0.0009"

30Hz flicker (cone) NIP1 (uV) 95.0 + 43.4 84.5 + 18.2 0.46° 82.0 &+ 32.5 0.33%
NI1P1 (ms) 622+ 19 62.7 + 22 0.75 64.1 + 3.7 0.048

* p-value for difference between controls and diabetics without retinopathy.
T p-value for difference between controls and diabetics with NPDR.
¥ Significant difference between diabetic patients without retinopathy and diabetic patients with NPDR (p-value not shown).

¥ Adjusted for age.
¥ Adjusted for BMI.
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combined rod/cone-mediated DA3.0 a-
and b-waves were not significantly chan-
ged in diabetics with no-DR or with
NPDR (n.s). The implicit time of the
combined photoreceptor and bipolar
cells response (DA10.0) was the only
parameter in the scotopic ERG, which
was prolonged both in diabetics with no-
DR and with NPDR (p <0.03). The
amplitude of DA10.0 was smaller in the
diabetic group with no-DR (p = 0.08).
Both the implicit times and the ampli-
tudes of the amacrine-mediated OPI,
OP2 and OP3 were significantly reduced
in diabetics with NPDR (for all compar-
isons p < 0.05). In patients with no-DR,
the amplitude of the amacrine-mediated
of OP1, OP2 and OP3 were significantly
reduced (for all comparisons, p < 0.03);
however, only the implicit time of OP2
was significantly prolonged in this group
(p = 0.002). The amplitude of cone-
initiated LA3.0 a- and b-waves were not
changed in the diabetic groups. The
implicit time of cone-initiated b-wave
was only prolonged in diabetics with
NPDR (p < 0.01), but not in the group
with no-DR (p = 0.89). Likewise, the
amplitude of cone-mediated 30-Hz flicker
was not changed in the diabetic groups,
whereas the cone-mediated implicit time
of 30 Hzflicker ERG was only prolonged
in diabetics with NPDR (p < 0.05).

Multifocal ERG

The amplitudes of all five rings (R1-
R5) were significantly reduced in

diabetics with  NPDR compared to
non-diabetic controls (for all compar-
isons, p < 0.01) (Table 3). In diabetics
with no-DR, only the amplitude of R2
was significantly reduced compared to
non-diabetic controls (p = 0.04). The
implicit times of R4 and RS5 were
significantly prolonged both in those
with  no-DR and with NPDR
(p £0.04). There were no significant
differences in implicit times of R1-R3
between the diabetic groups and non-
diabetic controls (n.s.).

ROC curves: Sensitivity, specificity and
AUC

Receiver operating characteristic anal-
yses for ffERG parameters (OPs, a-
and b-waves of LA3.0 and 30 Hz
flicker) and mfERG parameters (R1-
R5) are shown in Figs 3 and 4, and the
optimal threshold, sensitivity, speci-
ficity and AUC for each parameter
are shown in Table 4. The amplitudes
of OP1-OP3 and the implicit time of
OP2 were the only parameters, which
significantly distinguished both diabet-
ics with no-DR and with NPDR from
non-diabetic controls (all AUC > 0.69,
p <0.04). The implicit times of OPI
and OP3 significantly distinguished
diabetics with NPDR from non-
diabetic controls (all AUC > 0.79,
p <0.01), but not diabetics with no-
DR from non-diabetic controls (all
AUC > 0.69, p < 0.01). Only the impli-
cit time of OP2 was able to distinguish

Table 3. Multifocal electroretinographic amplitudes (nV/deg?) and implicit times (ms) in healthy
controls and patients without and with non-proliferative diabetic retinopathy (NPDR).

Control (n = 22)

No-DR (n = 26) With NPDR (n = 22)

Multifocal ERG Mean + SD Mean + SD p* Mean + SD p'
Amplitudes RlI  105.0 + 27.3 87.9 + 31.8%  0.11  68.5+274 <0.01
(nV/deg?) R2 519+ 11.7 443 £ 95 0.04 380 +100  <0.01
R3 302+ 7.7 27.6 + 6.8 040 225+ 7.0 <0.01
R4  21.1 £438 19.0 + 4.8 024 163+ 43 <0.01°
R5 1729 + 46 149 + 3.7 0.08  12.6 +334  <0.01°
Implicit time (ms) R1 469 + 3.4 473 £ 3.0 0.92  46.0 + 3.1 0.65
R2 4293 +25 443 + 28 0.99  43.0 + 6.1 0.49
R3  41.63 + 4.0 430 + 23 097 419+ 56 0.47
R4 4194 +19 433+ 1.5 0.028 442 +2.1 <0.01%
R5 4225+15 435+ 1.6 0.04% 444+ 27 <0.01°

P and P2 indicate the differences between healthy controls and patients with no-DR and with

NPDR, respectively.

* p-value for difference between controls and diabetics without retinopathy.

 p-value for difference between controls and diabetics with NPDR.

¥ Significant difference between diabetic patients without retinopathy and diabetic patients with
g p pathy p

NPDR (p-value not shown).
¥ Adjusted for age.

both diabetics with no-DR and with
NPDR from non-diabetic controls (all
AUC > 0.80, p <0.01). The ampli-
tudes of LA3.0 and 30 Hz flicker were
not able to differentiate diabetic groups
from non-diabetic controls (all
AUC > 0.57, p>0.13). Meanwhile,
the implicit times of LA3.0 a-wave
and 30 Hz flicker distinguished diabet-
ics with NPDR from non-diabetic
controls (all AUC > 0.63, p < 0.05).
The amplitudes of R2 and R5 in
multifocal ERG were significantly able
to separate both diabetics with no-DR
and with NPDR from non-diabetic
controls (all AUC > 0.68, p < 0.04).
The amplitudes of R1, R2 and R3 were
only able to distinguish diabetics with
NPDR from non-diabetic controls (all
AUC > 0.68, p < 0.04).

Discussion

This study aimed to find which param-
eter is superior in distinguishing dia-
betics with no-DR and with NPDR
from non-diabetic controls using
ISCEV standard ffERG and mfERG
protocols. We found that the implicit
time of DAI10.0, the amacrine-
mediated OP1-3 amplitudes and OP2
implicit time in ffERG, and the R2
amplitude, the R4 and RS implicit
times in mfERG could significantly
distinguish diabetics with no-DR as
well as diabetics with NPDR from non-
diabetic controls, and among these the
implicit time of OP2 was superior in
differentiating diabetic from non-
diabetic retinas.

International Society for Clinical
Electrophysiology of Vision standard
ffERG protocols test the function of
rod-driven response (DAO0.01), com-
bined response of rod-cone and bipolar
cells (DA3.0 and DA10.0), oscillatory
potentials from the amacrines (OP1-
OP4) and the responses from cone
pathways (LA3.0 and 30 Hz flicker).
The reduced amplitude of rod-driven
DAO0.01 in patients with moderate
NPDR and the normal rod-initiated
implicit time in diabetic with no-DR
and with moderate NPDR in our study
agrees with some previous studies and
contradicts other studies (Holopigian
et al. 1992, 1997; Luu et al. 2010;
Longhin et al. 2016). The prolonged
implicit time of DA10.0 in both dia-
betic groups indicate that the rod
pathway is affected in diabetes regard-
less of retinopathy. In the case of cone
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Fig. 3. Receiving operating characteristic (ROC) curves for amplitudes of selected full-field and multifocal electroretinographic parameters in
diabetes patients without retinopathy (no-DR) or with non-proliferative diabetic retinopathy (NPDR) plotted with reference to non-diabetic controls.
Dark curves represent scotopic ERG, blue curves indicate photopic ERG and red colours illustrate mfERG outcomes.
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Fig. 4. Receiving operating characteristic (ROC) curves for implicit times of selected full-field and multifocal electroretinographic parameters in
diabetes patients without retinopathy (no-DR) or with non-proliferative diabetic retinopathy (NPDR) plotted with reference to non-diabetic controls.
Dark curves represent scotopic ERG, blue curves indicate photopic ERG and red colours illustrate mfERG outcomes.
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Table 4. Comparison between healthy controls and patients without diabetic retinopathy (no-DR) and with non-proliferative diabetic retinopathy
(with NPDR) using ROC curves of amplitudes (nV/deg®) and implicit times (ms) generated by full-field and multifocal electroretinograms (ERG).

No-DR (1 = 26) With NPDR (n = 22)
MFERG Thr. Sens. Spec. AUC p* Thr. Sens. Spec. AUC pf
HERG, scotopic
Amp (uV) Opl 0.49 0.54 0.73 0.78 0.006 0.49 0.68 0.73 0.71 0.02
Op2 0.51 0.64 0.73 0.70 0.02 0.52 0.68 0.73 0.70 0.04
Op3 0.43 0.68 0.73 0.75 0.005 0.45 0.68 0.73 0.69 0.04
I.t. (ms) Opl 0.48 0.64 0.69 0.66 0.13 0.63 0.64 0.86 0.79 0.005
Op2 0.64 0.64 0.88 0.84 0.001 0.63 0.64 0.82 0.80 0.004
Op3 0.48 0.64 0.62 0.68 0.06 0.58 0.64 0.77 0.79 0.005
fERG, photopic
LA3.0 (uV) a-wave 0.45 0.55 0.81 0.60 0.13 0.50 0.50 0.64 0.57 0.29
b-wave 0.44 0.55 0.62 0.59 0.14 0.48 0.64 0.64 0.62 0.30
LA3.0 (ms) a-wave 0.46 0.45 0.65 0.60 0.32 0.53 0.45 0.68 0.67 0.045
b-wave 0.48 0.32 0.77 0.67 0.53 0.46 0.45 0.65 0.60 9.32
Flicker (uV) NIP1 0.45 0.55 0.65 0.53 0.27 0.50 0.55 0.73 0.59 0.27
Flicker (ms) NIP1 0.49 0.50 0.73 0.60 0.34 0.59 0.50 0.64 0.63 0.048
MFERG
Amp. (nV/deg?) R1 0.46 0.64 0.65 0.68 0.07 0.49 0.82 0.82 0.87 0.001
R2 0.49 0.50 0.81 0.69 0.02 0.48 0.64 0.73 0.80 0.002
R3 0.46 0.50 0.73 0.63 0.13 0.50 0.64 0.64 0.73 0.01
R4 0.47 0.50 0.65 0.64 0.08 0.51 0.68 0.73 0.75 0.02
R5 0.48 0.55 0.74 0.68 0.04 0.54 0.64 0.68 0.78 0.01
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Amp = amplitude; AUC = area under the curve; DR = Diabetic retinopathy; ffERG =

full-field electroretinography; I.t. = Implicit time;

LA = light adapted; MFERG = multifocal electroretinography; NPDR = Non-proliferative diabetic retinopathy; ROC = receiving operating
curves; Sens. = sensitivity; Spec. = specificity; Thr. = Threshold.
* p-value for difference between controls and diabetics without retinopathy.
 p-value for difference between controls and diabetics with NPDR.

pathway, we found significantly delay
in implicit times of LA3.0 and 30 Hz
flicker in diabetes with moderate
NPDR, but not in those with no-DR.
Although some previous studies have
reported normal cone pathways, there
is compelling evidence that flicker
ERG, especially the high-frequency
flicker ERG is changed in diabetes
with no-DR as well as in those with
NPDR (Holopigian et al. 1997; Kim
et al. 1997; Luu et al. 2010; McAnany
et al. 2019; McAnany & Park 2019;
Zeng et al. 2019).

In contrast to the conflicting results
of ffERG on the outer retinal photore-
ceptors, the inner retinal amacrine-
mediated OP amplitudes and the OP2
implicit time were consistently changed
in diabetes with no-DR as well as
diabetes with NPDR. Hence our results
are in agreement with previous studies,
showing that the OP’s are the only
ERG parameters, which are consis-
tently changed in the diabetic retina
before vasculopathy becomes evident
on ophthalmoscopy and funduscopic
imaging (Yonemura et al. 1962; Brun-
ette & Lafond 1983; Li et al. 1992; van
der Torren & Mulder 1993; Lachapelle
1994; Luu et al. 2010). Moreover, our

ROC analysis showed the largest AUC
for OP2 implicit time both in diabetes
with no-DR (AUC = 0.84) and with
NPDR (AUC = 0.80) (Table 4). The
affected amacrine function in diabetic
retinas might be due to the diabetes
induced hypoxemia, because the
amacrine-mediated OP’s are sensitive
to hypoxemia, which are also observed
in other conditions with retinal hypox-
ia, for example central retinal vein
occlusion (Derr et al. 2002). It is worth
to notice that there is a debate about
how to measure and describe OPs
because OPs are highly dependent on
adaptation state and characteristics of
the high-pass filter used to separate
them from the ERG. Therefore, with-
out comparing the absolute values of
each OP peaks between groups, simply
observing the presence and normal
waveform of OPs may be adequate
for most clinical applications.
Previous studies have reported that
ERG function in diabetic patients
decreases proportionally with DR
severity. In the current study, although
there is no significant difference in
ERG function between diabetic
patients without DR and those with
moderate NPDR, one can see that

most of the ffERG and mfERG ampli-
tudes are reduced in patients without
DR compared to those with NPDR
(Tables 2 and 3). So, our study is in
agreement with previous studies, but
due to low power the results are not
statistically significant.

Diabetes tends to lead to retinal
lesions that are unevenly distributed
over the retina, which suggests that
mfERG may be able to detect the
earliest functional anomalies. Clinical
studies have found varying results,
from normal amplitudes and implicit
times in diabetes with no-DR and with
mild DR (Frydkjaer-Olsen et al. 2017),
to prolonged implicit times in both
conditions (Fortune et al. 1999; Bearse
et al. 2004; Adams & Bearse 2012;
Laron et al. 2012; Abdelkader 2013;
Adhikari et al. 2014) (Fortune et al.
1999; Abdelkader 2013; Adhikari et al.
2014).

One could argue that the depressed
ffERG- and mfERG outcomes in dia-
betes with NPDR compared to no-DR
and non-diabetic controls may be
attributed to the relatively poor visual
acuity due to cataract in the NPDR-
group (Tanikawa et al. 2021; Wang
et al. 2021). And since development of
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cataract lead to myopic shift, we com-
pared the level of refractive errors
between the groups, and there were
no significant differences between the
groups (p > 0.96). Nevertheless, the
lack of myopic shift does not fully
explain the lower visual acuity and
thus, we cannot fully rule out that the
presence of media opacity does not
affect the ERG results.

Limitations

The study bundled TIDM and T2DM
into a single group because of limited
numbers and because the distinction
between the two entities is not always
clear. Regardless of type, the duration
of diabetes was long, 15 years or more,
a condition which is associated with
retinal neurodegeneration, even if fun-
dus photographic retinopathy is mild
or absent (Juen & Kieselbach 1990;
Klemp et al. 2005). We purposely
examined the patients in a non-fasting
condition, because we gave priority to
do it under circumstances that reflect
their habitual glycaemia level. We did
not, however, measure blood glucose
level at the time of examination,
although glycaemia fluctuations may
influence mfERG parameters (Klemp
et al. 2004, 2005; Klefter et al. 2015).
Meanwhile animal and human studies
indicate that retinal responses mea-
sured with both ffERG and mfERG
in diabetic patients adapt to acutely
changes in plasma glucose levels
(Klemp et al. 2005; Becker et al. 2020).

Another major limitation is the way
we classified DR, because for the pre-
cise classification of DR fluorescein
angiography needs to be performed,
whereas our classification was based on
the mosaic of five fundus-images. Nev-
ertheless, our classification method is
comparable to the ETDRS classifica-
tion, which has previously been shown
to be a reliable staging method. We
included only diabetic patients without
retinopathy and with moderate NPDR.
It would optimize the study design if
we had included patients with different
stages of DR, then we would better
understand dose-response relationship
and the true association between DR
and electrophysiological parameters.

Two of our patients were treated
with anti-VEGF minimum 5 months
prior to the inclusion, and our results
remained unchanged when we removed
the two patients from the analysis.

Conclusion

Considering the ongoing research on
developing novel therapies for diabetic
retinopathy, ffERG and mfERG pro-
vide objective methods to evaluate the
retina. And among the many outcomes
from ff- and mfERG, the implicit time
of OP2 from ffERG is the most sensi-
tive parameter to distinguish diabetes
with no-DR and with moderate NPDR
from non-diabetic retina. The reason
that we did not include patients with
proliferative DR was that almost all
patients with proliferative DR in Den-
mark are treated with pan-retinal pho-
tocoagulation (PRP), which might
affect the ERG parameters. And
patients with severe degree of non-
proliferative DR have higher risk of
diabetic macular oedema, which due to
its fluctuating nature is not suitable to
monitor with ERG.
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