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Abstract
Aims  To investigate the function of localized retinal areas in highly selected type 1 diabetes mellitus patients (DM1) with 
no or mild signs of diabetic retinopathy (NO DR and NPDR, respectively) and its correlation with age, diabetes duration 
and glycemic control.
Methods  Multifocal electroretinograms (mfERG) were recorded in 35 eyes of 18 NO DR patients and 38 eyes of 19 NPDR 
patients. Thirty-one eyes of 17 normal subjects were enrolled as controls. N1-P1 response amplitude densities (RADs) and P1 
implicit times (ITs) from isolated (R1: 0°–2.5°, R2: 2.5°–5°, R3: 5°–10°) and combined (R1 + R2, R2 + R3 and R1 + R2 + R3) 
annular rings and from four retinal sectors (nasal, N; temporal, T; superior, S and inferior, I) with increasing eccentricities up 
to 10° (S1, S2, S3, S1 + S2, S1 + S2 + S3) were measured. The statistical differences between DM1 groups and controls were 
tested by ANOVA. The electrophysiological data were correlated with age, duration of diabetes and glycated hemoglobin 
(HbA1c) level using the Pearson’s test.
Results  MfERG RADs, but not ITs, from all isolated and combined rings and sectors up to 10° of foveal eccentricity were 
statistically different between DM1 groups compared to controls. No significant differences were found between NO DR and 
NPDR patients. The mfERG abnormalities of the central retinal areas were correlated significantly with age in both DM1 
groups and with diabetes duration mainly in NPDR group.
Conclusions  In DM1 patients, localized retinal dysfunction, described by reduced mfERG RAD, can be observed also in 
the absence of clinical signs of DR and it is related to aging.
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Introduction

Multifocal electroretinogram (mfERG) has been widely used 
to evaluate the function of the preganglionic elements (pho-
tereceptors and collector cells) in selected retinal areas [1].

This method allowed to detect dysfunction of localized 
retinal regions in patients with diabetes mellitus aiming to 
understand which areas would be the most susceptible to 
damage in this chronic metabolic disorder [2–4]. Indeed, 
identifying regions of early dysfunction or structural dam-
age, as it happens using the innovative ultra-widefield fluo-
rescein angiography [5] or the optical coherence tomography 
angiography (OCT-A) [6–8], may help guiding surveillance 
for diabetic changes in the presence or absence of signs of 
retinopathy.

In the analysis of mfERG signal, different parameters, 
such as response amplitude density (RAD), implicit time 
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(IT) and retinal eccentricities, were considered to study 
functional changes occurring in the diabetic retina before the 
onset of retinopathy [9]. In particular, it has been reported 
that IT measurement can be sensitive enough to assess local 
retinal function in diabetes and therefore the IT changes have 
been thought to represent an early indicator of dysfunction 
in diabetic retinopathy (DR) before amplitude is reduced 
[[9, 10].

From very recent electrophysiological studies performed 
in a preclinical model used to investigate on the evolution 
of DR, the C57BL/KsJ-db/db mouse [11], it appears that 
full-field ERG responses, evaluating synaptic transmission 
between outer and inner retinal elements, are abnormal at 
very early age [12]. Time-dependent reduced ERG bio-
electrical responses in db/db mice are likely due to micro-
glia activation, pro-inflammatory retinal setting and blood 
glucose level changes at first, when retinal appearance and 
visual function are normal [13]. During DR progression, 
macroglia, in addition to microglia, possibly triggers neu-
roinflammatory action, and by initiating reactive gliosis, 
concurs to retinal neuronal apoptosis and so to neurodegen-
eration [14].

The predictive role of mfERG parameters on the sub-
sequent development of retinopathy provides clinicians a 
useful screening tool for implementing accurate strategies 
for early detection of DR [15]. Interestingly, Harrison et al. 
[16] described that the power of subtle changes of mfERG IT 
in predicting the risk of developing retinopathy is different 
in type 2 and type 1 diabetes (DM2 and DM1, respectively).

Minimally reduced mfERG N1-P1 amplitudes with sig-
nificantly delayed ITs have been found in DM2 [16], mean-
ing that there exists a mixed dysfunction of outer and inner 
retinal layers [17, 18], probably reflecting an impairment 
in both vascular and neural retinal components even in the 
absence of signs of retinopathy [19, 20].

In DM1, mfERG abnormalities have been detected [4] 
with a differential dysfunction of the outer cellular elements 
located in the nasal and the temporal retina [21]. Moreover, 
an early dysfunction of the inner retinal layers (ganglion 
and pre-ganglion cells), even in the absence of DR, might 
precede the photoreceptors impairment, as suggested by 
several studies performed by adequate electrophysiological 
methods such as oscillatory potentials, pattern ERG or focal 
ERG [22–24].

Although it was reported that in DM1 the functional 
impairment of the inner neural elements is independent from 
disease duration and glycemic control [22, 23], the relation-
ship between the function of pre-ganglionic elements and the 
descriptive parameters of diabetic disease, at this moment is 
not entirely well defined. In fact, there are several discord-
ant reports regarding the relationship between the duration 
of the disease, glycemic control and mfERG responses [17, 
21, 25]. If positive association exists, it means that worse 

metabolic control is associated with greater neuroretinal dys-
function and consequently a good glycemic control should 
induce a reduction of the neuroretinal functional impairment 
[[21, 26–28].

In the present study, we assessed in highly selected 
patients with DM1 either with no or mild signs of non-
proliferative diabetic retinopathy (NO DR and NPDR, 
respectively), the function of selected retinal areas located 
in the macular region by means of an innovative method of 
analysis of mfERG responses [29]. Our aim was primar-
ily to investigate which selected retinal areas of the macu-
lar region might present a functional involvement due to 
diabetic injury. Furthermore, we wanted also to contribute 
for elucidating the interesting topic about the controversial 
data on the relationship between age, diabetes duration and 
HbA1c levels and functional retinal change.

Materials and methods

Subjects

All research procedures described in this work adhered to 
the tenets of Declaration of Helsinki. The study protocol 
was approved by the local Ethics Committee (Comitato 
Etico Centrale IRCCS Lazio, Sezione IFO/Fondazione 
Bietti, Rome, Italy) and upon recruitment, informed consent 
was obtained from each eligible subject after full explana-
tion of the procedure. Inclusion criteria for DM1 patients 
were: (1) age > 18 years, and (2) diagnosis of DM1 at least 
1 year prior to study enrollment according to ADA criteria 
[Fasting plasma glucose ≥ 126 mg/dL (7.0 mmol/L)]. Fast-
ing is defined as no caloric intake for at least 8 h; or 2-h 
plasma glucose ≥ 200 mg/dL (11.1 mmol/L) during oral 
glucose tolerance test, OGTT. The test should be performed 
as described by the WHO, using a glucose load contain-
ing the equivalent of 75-g anhydrous glucose dissolved in 
water; or HbA1C ≥ 6.5% (48 mmol/mol). The test should 
be performed in a laboratory using a method that is NGSP 
certified and standardized to the Diabetes Control and Com-
plications Trial assay; or in a patient with classic symptoms 
of hyperglycemia or hyperglycemic crisis, a random plasma 
glucose ≥ 200 mg/dL (11.1 mmol/L) [30], (3) treatment with 
continuous subcutaneous insulin infusion or with multiple 
daily insulin injections.

Exclusion criteria for DM1 patients were: best cor-
rected visual acuity (BCVA) less than 0.0 logarithm of 
the minimum angle of resolution (logMAR) evaluated 
by ETDRS charts, refractive error greater than ± 2.00 
diopters (D), the history or presence of maculopathy or 
positive recording of Amsler test, any other ocular dis-
eases involving cornea and lens or previous eye surgery, 
detectable spontaneous eye movements (i.e., nystagmus), 
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intraocular pressure > 21 mmHg, drug intake that can 
interfere with macular function, the presence of diabetic 
peripheral and autonomic neuropathy and microalbumi-
nuria (urinary albumin/creatinine ratio ≥ 30 mg/g).

In DM1 eyes, the presence or absence of DR was 
assessed by macular clinical evaluation (slit-lamp and 
indirect ophthalmoscopy using + 90 D or + 78 D no-
contact lens) (Volk Optical, Mentor, OH) and color 
photographs (TRC-50 DX, Topcon Instr. Corp, Tokyo, 
Japan) after pupillary dilatation using tropicamide 1% eye 
drops. According to the ETDRS severity scale [31, 32], 
the analysis of the grading of fundus and the stereoscopic 
color photographs were examined by two expert retinal 
specialists (MP and ML). Mild NPDR was defined as 
the presence of at least one microaneurysm and/or mild 
hemorrhages; NO DR was defined as the absence of any 
of the above signs.

HbA1c was analyzed by high-performance liquid chro-
matography (VARIANT 2; BioRad Laboratories, Munich, 
Germany), with intra-and interassay coefficients of varia-
tion of 0.46–0.77 and 0.69–0.91%, respectively.

Healthy subjects, recruited in the study as controls, had 
no history of systemic or ocular diseases and no previous 
eye surgery, age > 18 years, BCVA of 0.0 logMAR, with 
manifest refraction between + 2.00 D and − 2.00 D.

MfERG recordings

VERIS Clinic TM 4.9 (Electro-Diagnostic Imaging, San 
Mateo, CA, USA) was used for mfERG assessment in midri-
atic state using previous methodology [33–36].

Ring analysis

MfERG ring analysis was used to differentiate changes of 
the bioelectrical responses of the central foveal regions with 
respect to the more eccentric retinal areas in the macular 
region. We analyzed the averaged response obtained from 
three concentric annular retinal regions (rings) centered on 
the fovea. Therefore, we measured responses derived from 
0° to 2.5° (ring 1, R1), from 2.5° to 5° (ring 2, R2), from 5° 
to 10° (ring 3, R3), as shown in Fig. 1. We also analyzed the 
responses from combined rings enclosing responses derived 
from the total area from 0° to 5° (R1 + R2), from 2.5° to 10° 
(R2 + R3) and the whole central macular area from the fovea 
up to 10° (R1 + R2 + R3), as displayed in Online Resource 
1, to assess the retinal function in wide-ranging areas. 
Therefore, each ring was considered isolated or regrouped 
between the other rings (R1, R2, R3 or R1 + R2, R2 + R3 or 
R1 + R2 + R3).

For each obtained averaged response, we evaluated the 
amplitude densities (RAD, expressed in nV/deg2) between 
the first negative peak, N1, and the first positive peak, P1, 
and the implicit time (IT) of the first positive peak (P1).

Fig. 1   Layouts of multifocal electroretinogram traces from a repre-
sentative control subject showing on the left the 61 averaged bioel-
ectrical responses from a single recording session. First-order kernel 
measurements were obtained after automatic rejection of artifacts. 
Averaged traces are displayed on the right: the ring 1 (R1, 0–2.5 

foveal degrees: corresponding to the dashed black area), ring 2 (R2, 
2.5–5 foveal degrees: corresponding to the solid black area) and ring 
3 (R3, 5–10 foveal degrees: corresponding to the gray area), whose 
N1–P1 response amplitude density (RAD, nV/deg2) and P1 implicit 
time (IT, milliseconds) are indicated by arrows
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Sector analysis

MfERG sector analysis was used to differentiate changes 
of the bioelectrical responses of the central macular region 
up to 10°sectioning it in four sectors: inferior (I), nasal 
(N), superior (S) and temporal (T). We considered isolated 
and combined responses from the foveal center (sector 1, 
S1 = R1: 0°–2.5°) to external areas up to 5° (sector 2, S2) 
or to 10° (sector 3, S3), naming those regroups S1 + S2 
and S1 + S2 + S3, respectively, as represented in Online 
Resource 2.

For each obtained averaged response, we evaluated the 
N1-P1 RADs and the P1 ITs.

Signal‑to‑noise ratio

MfERG signal-to-noise ratio (SNR) was estimated following 
the methodology discussed in Hood and Greenstein [37], 
used in our previous works [35] and displayed in Fig. 1. 
SNR was defined as the ratio of root mean square (RMS) 
signal plus noise (measured in the signal temporal window) 
of a given record to the mean RMS of all noise windows (61 
for the mfERG). A SNR of ≥ 3 was accepted for mfERG 
measurements.

Statistical analysis

The Anderson–Darling and Kolmogorov–Smirnov tests 
were applied to verify if data were normally distributed. 
Data were analyzed for identifying outliers and these were 
discarded if present. In this study, no subject was identified 
as outlier.

To verify that electrophysiological data (RADs and ITs 
detected in each isolated and combined rings and sectors) 
were statistically different, an unpaired two-sample t test 
from right and left eyes of NO DR, NPDR and Controls was 
performed. A p value ≥ 0.05 was found in each group. All 
this allowed us to consider both eyes in the statistical evalu-
ations for each enrolled subject.

The one-way analysis of variance (ANOVA) was used to 
evaluate differences of electrophysiological measurements 

between study and control groups. In details, grouping infor-
mation has been performed by using Dunnett test to take in 
account of multiple comparisons. Thus, mfERG RADs and 
ITs from different topographic areas (rings and sectors) have 
been tested to assess if NO DR and NPDR were different 
from controls. The statistical relevance was considered for 
p ≤ 0.05.

ANOVA was first performed to evaluate differences of the 
rings’ RADs and ITs between groups. Thereafter, the same 
procedure was applied for measurements from retinal sec-
tors. Data from ring and sector analyses were correlated with 
age (all groups), duration of diabetes and blood HbA1c level 
(only NO DR and NPDR groups) using the Pearson’s test.

Minitab 17 (version 1) software was used for statistical 
analysis.

Results

We enrolled in the study 18 NO DR patients, 19 NPDR 
patients and 17 controls providing 52 right and 52 left eyes 
(4 eyes were excluded on the basis of inclusion criteria). 
Participants’ characteristics were summarized in Table 1.

No differences in age and HbA1c level between NO DR 
and NPDR patients (unpaired t test; p = 0.182 and p = 0.962, 
respectively) were found; on the other hand, diabetes 
duration was statistically different between study groups 
(p = 0.005).

Ring analysis

Layouts from a representative control eye displaying mfERG 
traces from R1, R2 and R3 rings are reported in Fig. 1 (right 
side).

MfERG RADs, but not ITs, from isolated R1 (0°–2.5°), 
R2 (2.5°–5°), R3 (5°–10°) and combined rings (R1 + R2, 
R1 + R2 + R3, and R2 + R3) differed significantly between 
NO DR and controls (p < 0.001), NPDR and controls 
(p < 0.001). However, no significant differences were found 
between NO DR and NPDR patients for both RADs and ITs 

Table 1   Demographics of participants

NO DR and NPDR: Type 1 diabetic patients with no and mild signs of diabetic retinopathy; HbA1c: glycated hemoglobin; Columns 5, 6 and 7 
show range measures and/or mean ± one standard deviation
a 3 eyes excluded for refractive error greater than ± 2diopters
b 1 eye excluded for refractive error greater than ± 2diopters

Number (n) Gender (M/F) Eyes (n) Age (years) Diabetes duration (years) HbA1c % (mmol/mol)

Controls 17 6/11 31a 17–55; 39.06 ± 10.18 – –
NO DR 18 9/9 35b 18–47; 38 ± 7.89 3–25; 12.2 ± 5.4 7.57 ± 0.96 (59.2 ± 10.5)
NPDR 19 8/11 38 27–54; 41.63 ± 7.36 5–46; 21.7 ± 11.1 7.58 ± 1.23 (59.3 ± 13.5)
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(see Tables 2, 3). Box plot representations of mfERG ring 
data are available on Online Resource 1.

Sector analysis

Isolated Nasal, Temporal, Superior, Inferior Sectors S2 and 
S3 and combined S1 + S2 and S1 + S2 + S3 Sectors: mfERG 
RADs, but not ITs, differed significantly between NO DR 
and controls (p < 0.001), and between NPDR and controls 
(p < 0.001, but in the inferior S3 p = 0.004). No significant 
differences were found between NO DR and NPDR patients 
for both parameters (see Tables 4, 5). Box plot representa-
tions of mfERG sector data are available on Online Resource 
2.

Correlation analysis between mfERG and metabolic 
parameters

Age

In controls, we did not find any correlation between mfERG 
parameters and age in all examined rings and sectors taken 
individually or combined together (data not shown).

In DM1 patients, we found a linear relationship between 
age and mfERG R1 amplitude values. This correlation was 
not confirmed in retinal areas outside the 2.5°. The trend of 
significance of this relationship (RADs and age) was pre-
sent, however, attenuated, when considering together RADs 
from R1 + R2 + R3 only in NO DR group. When consider-
ing RADs from combined retinal sectors up to 5° (S1 + S2), 
we found a significant correlation between the parameter 
of mfERG amplitude and age in both DM1 groups, but in 
the superior sector of NO DR patients. When incorporat-
ing also measurements from S3 (S1 + S2 + S3: 0°–10°), 
the correlation between RADs and age was present only 
in NPDR group, but in the temporal combined sector. In 
the latter sector, the correlation was significant for NO DR 
group. No correlations were found for the IT parameter with 

age in all rings and sectors, but in the nasal combined sec-
tors (S1 + S2 + S3: 0°–10°) for the NO DR group (Online 
Resource 3).

In summary, age correlated with the RADs from the cen-
tral fovea and from specific retinal sectors in both groups, 
independently from the presence or absence of diabetic 
retinopathy. In addition, in all those rings and sectors where 
we observed that the correlation was significant, we found 
that the correlation line had a negative slope, meaning that 
the reduced amplitude was correlated with increased age.

Diabetes duration

In NPDR group, the correlation between diabetes duration 
and RADs from the central fovea (R1), from combined 
sectors up to 5° (S1 + S2), but the superior, and from the 

Table 2   Descriptive 
statistic values of multifocal 
electroretinogram response 
amplitude density and implicit 
time in study groups: ring 
analysis

Mean and standard deviation (SD) of multifocal electroretinogram response amplitude density (RAD, 
measured in nanoVolt/ degree2, nV/deg2) and implicit time (IT, measured in milliseconds, ms) from iso-
lated annular rings (R) covering 0–2.5 (R1), 2.5–5 (R2), 5–10 foveal degrees (R3) and combined rings cov-
ering 0–5 (R1 + R2), 2.5–10 (R2 + R3) and 0–10 (R1 + R2 + R3) degrees in controls (C), in type 1 diabetic 
patients with no (NO DR) and mild signs of retinopathy (NPDR)

Rings C (mean; SD) NO DR (mean; SD) NPDR (mean; SD)

RAD (nV/deg2) IT (ms) RAD (nV/deg2) IT (ms) RAD (nV/deg2) IT (ms)

R1 112.18; 24.08 34.30; 4.63 76.96; 27.26 34.60; 4.15 74.43; 25.81 35.13; 4.72
R2 46.47; 10.62 32.94; 3.02 34.15; 9.04 33.86; 2.61 33.26; 9.92 33.73; 2.51
R3 26.05; 5.49 31.75; 2.90 19.22; 3.92 31.95; 2.37 18.85; 5.13 31.94; 2.50
R1 + R2 49.78; 11.20 32.69; 2.90 36.43; 9.70 33.97; 2.47 34.76; 10.54 33.88; 2.18
R2 + R3 29.87; 5.87 31.88; 2.44 21.96; 4.43 32.69; 2.04 21.41; 5.86 32.35; 2.60
R1 + R2 + R3 31.23; 6.30 31.86; 2.65 22.54; 4.24 32.78; 2.07 22.00; 6.04 32.44; 1.93

Table 3   Statistics of multifocal electroretinogram response amplitude 
density in study groups: ring analysis

Column 2: one-way analysis of variance (ANOVA) of multifocal 
electroretinogram response amplitude density (RAD) from isolated 
rings covering 0–2.5 (R1), 2.5–5 (R2), 5–10 foveal degrees (R3) and 
combined annular rings covering 0–5 (R1 + R2), 2.5–10 (R2 + R3) 
and 0–10 (R1 + R2 + R3) degrees in controls (C), in type 1 diabetic 
patients with no (NO DR) and mild signs of retinopathy (NPDR); 
Column 3, 4 and 5: multiple comparisons between NO DR vs C, 
NPDR vs C, and NO DR vs NPDR by using Dunnett method (95% 
confidence interval)
p* = (value < 0.001) was considered as statistically significant

RAD from ANOVA 
(F2,101; p 
value)

NO DR vs 
C (p value)

NPDR vs 
C (p value)

NO DR vs 
NPDR (p 
value)

R1 21.88; p* p* p* 0.881
R2 18.41; p* p* p* 0.897
R3 22.65; p* p* p* 0.924
R1 + R2 22.30; p* p* p* 0.720
R2 + R3 25.01; p* p* p* 0.871
R1 + R2 + R3 28.10; p* p* p* 0.884
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S1 + S2 + S3 I reached the statistical significance. The NO 
DR group showed a weak linear correlation only with RADs 
from the inferior combined sectors up to 5° (S1 + S2) and 
from the temporal sectors up to 10° (S1 + S2 + S3).

In NPDR group, we found also a linear correlation 
between ITs and diabetes duration in R2, R3, in the com-
bined R1 + R2 and in the combined superior S1 + S2 and 
S1 + S2 + S3. By contrast, in NO DR patients, only ITs from 
combined superior sectors up to 5° (S1 + S2) were signifi-
cantly related to diabetes duration (Online Resource 3). In 
all those rings and sectors where a linear correlation between 
diabetes duration and RADs or ITs was observed, the cor-
relation line had a negative slope for RADs and a positive 
slope for ITs, meaning that the reduced amplitudes and 
the increased implicit times were correlated with diabetes 
duration.

HbA1c level

No correlation between HbA1c and RADs in all rings 
and combined sectors was found in both diabetic groups. 
HbA1c was related with low statistical level of significance 
with ITs from R1 + R2 and from R2 + R3 in NO DR group. 
This correlation reached the statistical significant level 
when measured in combined superior sectors (S1 + S2 and 

S1 + S2 + S3) and in temporal S1 + S2 + S3 sectors in NPDR 
group (Online Resource 3).

Discussion

In this study, we observed local retinal dysfunction, assessed 
by mfERG recordings in DM1 patients even with no signs 
of DR at ophthalmoscopy.

This finding is in agreement with previous works per-
formed in diabetic patients, in which it was suggested that 
the mfERG is a sensitive method to detect localized retinal 
areas with functional impairment [3, 10].

The novelty of this study was based on the use of sector 
analysis to mfERG measurements [29], other than using the 
traditional ring analysis in highly selected DM1 patients, in 
good glycemic control and especially not affected by micro-
vascular complications. This detailed selection of the sample 
allowed to detect very early retinal functional anomalies, in 
the absence of other confounding factors that could have a 
significant impact on the results obtained.

Our primary aim was to understand if the local retinal 
deficits were dependent or not from the applied model of 
analysis, and we confirmed that local retinal dysfunction 
truly exists in those examined areas, independently from the 
paradigm used for analysis.

Table 4   Descriptive statistic values of multifocal electroretinogram response amplitude density and implicit time in study groups: sector analysis

Mean and standard deviation (SD) values of multifocal electroretinogram response amplitude density (RAD, measured in nanoVolt/ degree2, nV/
deg2) and implicit time (IT, measured in milliseconds, ms) from isolated and combined sectors. The explored retinal areas were the inferior (I), 
nasal (N), superior (S) and temporal (T) sectors (S) covering 0–2.5 (S1), 2.5–5 (S2), 5–10 (S3), 0–5 (S1 + S2) and 0–10 (S1 + S2 + S3) foveal 
degrees in controls (C), in type 1 diabetic patients with no (NO DR) and mild signs of non-proliferative retinopathy (NPDR)

Sectors C (mean; SD) NO DR (mean; SD) NPDR (mean; SD)

RAD (nV/deg2) IT (ms) RAD (nV/deg2) IT (ms) RAD (nV/deg2) IT (ms)

S1 112.18; 24.08 34.30; 4.63 76.96; 27.26 34.60; 4.15 74.43; 25.81 35.13; 4.72
S2 I 46.44; 12.81 33.49; 3.74 36.03; 11.07 33.02; 3.11 35.59; 10.54 34.71; 2.62
S2 N 60.89; 16.55 34.82; 4.29 41.83; 13.72 33.89; 3.13 46.97; 19.39 34.52; 3.26
S2 S 50.67; 14.92 33.00; 4.16 35.68; 9.53 34.34; 3.13 36.11; 14.32 33.08; 3.20
S2 T 68.45; 22.71 32.96; 3.48 51.26; 11.52 32.96; 2.56 48.97; 16.70 33.53; 3.09
S3 I 27.92; 6.52 31.02; 3.42 20.76; 5.22 32.62; 3.17 23.36; 5.22 33.05; 2.95
S3 N 30.11; 8.41 32.03; 4.18 21.21; 4.05 33.57; 3.02 22.15; 6.85 33.16; 3.18
S3 S 27.62; 7.93 32.12; 4.10 19.97; 5.31 31.72; 2.67 18.96; 5.89 31.66; 3.32
S3 T 32.76; 6.96 30.77; 3.00 27.62; 7.93 31.66; 2.78 23.92; 7.07 31.29; 2.28
S1 + S2 I 56.07; 13.16 33.04; 3.26 40.68; 11.31 34.24; 4.86 40.70; 13.14 34.39; 2.41
S1 + S2 N 72.29; 15.48 34.29; 4.12 48.21; 14.12 35.24; 5.12 48.77; 17.77 36.18; 7.53
S1 + S2 S 60.25; 16.29 32.36; 3.61 41.07; 9.73 34.17; 3.00 39.19; 15.31 33.56; 2.38
S1 + S2 T 80.12; 16.98 32.93; 3.28 54.35; 17.56 33.21; 2.83 51.66; 17.27 34.43; 2.72
S1 + S2 + S3 I 34.68; 8.53 32.55; 3.57 26.53; 6.50 33.33; 2.24 27.58; 7.61 33.82; 2.34
S1 + S2 + S3 N 38.31; 7.43 32.72; 3.18 27.28; 5.78 34.05; 2.78 25.85; 8.57 33.31; 2.63
S1 + S2 + S3 S 36.27; 8.20 31.81; 3.14 25.72; 5.94 32.97; 2.48 23.92; 7.81 32.88; 2.67
S1 + S2 + S3 T 43.84; 10.94 32.12; 3.81 31.93; 7.72 32.57; 2.30 29.13; 8.44 32.78; 2.11
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The mfERG RAD was the parameter constantly reduced 
in DM1 patients compared to controls, therefore represent-
ing the best index of retinal dysfunction even in the absence 
of ophthalmoscopic changes. Contrary to the previous litera-
ture [10] that has identified the IT delay as the main param-
eter descripting retinal dysfunction in diabetes, in our cohort 
mfERG IT did not show any significant differences between 
DM1 patients and controls. We are aware that previous work 
[10] has shown some delays in the eyes of DM1 and DM2 
patients without diabetic retinopathy, however, Fortune et al. 
[10] did not select functional values from DM1 patients 
alone, and therefore, we cannot drive any significant con-
clusion on this discrepancy with our study that focused only 
on DM1 pure patients with no microvascular complications.

Highly variable outcomes have been reported in previ-
ous studies on populations of DM1 patients either on ampli-
tude or implicit time [4, 17, 21, 28, 38–40]. We considered 
the retinal area as the most important factor influencing 

the mfERG measurements in DM1 patients. For this rea-
son, we wanted to understand if the functional responses 
could vary by exploring retinal eccentricities with different 
topographies. Using the ring analysis, we found that RADs 
measurements remained constantly statistically different in 
DM1 patients as compared to controls across 10° of foveal 
eccentricity and that the IT parameter did not show any sta-
tistically significance between DM1 patients and controls 
at any retinal eccentricity. However, the RADs changes 
were unable to discriminate between eyes with NO DR and 
NPDR, being amplitude constantly reduced when diabetes 
was present. Also through the analysis of retinal sectors, we 
did not find any difference in retinal function between NO 
DR and NPDR groups in all examined areas, and moreover, 
we did not identify any functional differences between the 
nasal and temporal retinal in DM1 patients as previously 
described [39].

About our further investigation on the controversial data 
on the relationship between retinal function and the descrip-
tive parameters of diabetes, a multivariate model based on 
mfERG IT analysis, duration of diabetes and blood glucose 
control has been previously used to validate these factors 
as the most important predictors of developing recurring 
retinopathy over a 3-year period [41]. More recently, Har-
rison et al. [16] found a more sensitive disease progression 
model for local prediction of DR in adult patients with no 
signs of retinopathy at baseline, within 1-year window, tak-
ing in account mfERG IT after adjusting for diabetes type.

In our study, retinal dysfunction correlated significantly 
with the aging and more weakly also with diabetes dura-
tion, whereas the overall glycemic load, expressed by 
HbA1c levels, was not related to the early retinal functional 
impairment.

In details, we found that age correlated with the RAD 
changes in both NO DR and NPDR groups (RAD values 
were reduced with aging) independently from the analyzed 
regions (i.e., ring or sector analysis). Since we did not find 
any correlation in controls, it is likely that DM1 may be the 
source of mfERG RAD reduction in patients. IT values were 
not correlated with age in any study group.

The correlations between diabetes duration and mfERG 
measurements that reached the statistical relevance were 
more significant in NPDR than in NO DR patients. NPDR 
patients showed significant IT delays and RAD reduction 
across the retina up to 10° from the fovea as significant 
longer was diabetes condition, as previously reported in 
DM2 patients [16, 40]. These findings may indicate that 
functional retinal abnormalities are related with the onset 
of diabetes also in DM1.

Good metabolic control is crucial to prevent and delay 
diabetes progression, but whereas some patients escape 
vision loss even with poor control, others develop vision 
loss despite good metabolic control [42]. In our study, no 

Table 5   Statistics of multifocal electroretinogram response amplitude 
density in study groups: sector analysis

Column 2: one-way analysis of variance (ANOVA) of multifocal 
electroretinogram response amplitude density (RAD, measured in 
nanoVolt/deg2, nV/deg2) from combined sectors (S) in controls (C) 
and in type 1 diabetic patients with no (NO DR) and mild signs of 
retinopathy (NPDR). The explored retinal areas were the inferior (I), 
nasal (N), superior (S) and temporal (T) sectors covering 0–2.5 (S1), 
2.5–5 (S2), 5–10 (S3), 0–5 (S1 + S2) and 0–10 (S1 + S2 + S3) foveal 
degrees. Column 3, 4 and 5: multiple comparisons between NO DR 
vs C, NPDR vs C, and NO DR vs NPDR using Dunnett method (95% 
confidence interval)
p* = (value < 0.001) was considered as statistically significant

RAD from ANOVA 
(F2,101; p 
value)

NO DR vs 
C (p value)

NPDR vs 
C (p value)

NO DR vs 
NPDR (p 
value)

S2 I 10.58; p* p* p* 0.981
S2 N 12.76; p* p* p* 0.322
S2 S 15.57; p* p* p* 0.986
S2 T 13.48; p* p* p* 0.804
S3 I 12.20; p* p* 0.004 0.145
S3 N 19.61; p* p* p* 0.773
S3 S 19.96; p* p* p* 0.729
S3 T 18.02; p* p* p* 0.633
S1 + S2 I 16.32; p* p* p* 1.000
S1 + S2 N 24.25; p* p* p* 0.984
S1 + S2 S 23.65; p* p* p* 0.734
S1 + S2 T 27.11; p* p* p* 0.732
S1 + S2 + S3 I 11.19; p* p* p* 0.781
S1 + S2 + S3 

N
28.00; p* p* p* 0.622

S1 + S2 + S3 
S

27.09; p* p* p* 0.476

S1 + S2 + S3 
T

24.64 p* p* p* 0.316
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correlation was found between gluco-metabolic control and 
mfERG measurements. The lack of significant correlation 
between RADs changes and glycated hemoglobin levels, 
expression of the overall glycemic load, could be explained 
by the previously reported hypothesis, suggesting that in the 
early stages of DR, glycemic excursions rather than chronic 
hyperglycemia are more involved in retinal neuro-dysfunc-
tional processes [43]. Nevertheless, it should be considered 
also the intricate and multifactorial pathogenesis of the 
microvascular complications of diabetes recalling hypergly-
caemia-induced inflammation, immune response, endothe-
lial function, regulation of angiogenic signaling pathway, 
oxidative stress and genotype variants [44–46]. All this let us 
to believe that for timely efficacious treatments are required 
complex therapeutical approaches [5, 47].

In conclusion, our findings indicate that a precocious neu-
ronal signaling impairment involving outer and inner retinal 
layers occurs in DM1 patients even in the absence of clini-
cal signs of DR. Since mfERG amplitude’s generators are 
thought to reside into photoreceptors and bipolar cells [1, 
48], our findings are in agreement with the concept that reti-
nal neurodegeneration is an early component of DR, which 
can precede microvascular disease, detectable by OCT-A 
[8, 49], as well as visible vasculopathy [2, 10, 50–58]. The 
neurodegenerative theory, for which the photoreceptors are 
involved early in the course of diabetes, has been also sup-
ported by our recent in vivo studies using adaptive optics 
ophthalmoscopy [59–61]. The authors have shown early 
pathological disruption of the parafoveal cone mosaic in 
DM1 patients even before any sign of diabetic retinopathy 
was found on fundoscopy.

From all previous reported evidences and from our 
results, clinicians should be conscious that neuroretinal 
dysfunction is present much in advance with respect to the 
clinical onset of DR. Indeed, we are aware that by studying 
the outer and inner retinal signals of mfERG, it is possible 
only to address whether neuronal synaptic transmission is 
impaired and possibly neurodegeneration has already started 
in diabetic retina.

Our findings could be useful in searching for functional 
(in association to structural) indicators of DR progression 
and in the identification of different phenotypes of DR with 
different risks for the development of vision-threatening 
complications for understanding diabetic pathologic mecha-
nisms and for pursuing personalized management.

In view of the recent detailed investigations on the retinal 
vascular microstructure by innovative imaging techniques 
such as OCT-A, in young DM1 patients [8, 49], the pre-
sent work provides the base of knowledge for further stud-
ies (already started in our institute) that may detect, in a 
multimodal approach, subtle structural changes of vessels in 
localized retinal areas, already known to be dysfunctional or 
vice versa. The following evaluations of the relation between 

mfERG and OCT-A findings could constitute the next step in 
searching for valid biomarkers of DR and might uncover the 
mechanisms of localized retinal dysfunction.Only in such a 
case, it could be addressed the clinical ability of mfERG, 
possibly combined with other techniques (i.e. OCT-A), to 
evaluate DR progression and to be an objective probe for 
testing the effects of therapeutical approaches.
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