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Purpose: To evaluate changes in retinal layer thickness in patients with Type 1 diabetes
with no diabetic retinopathy after 8 years of follow-up.

Methods: Ninety Type 1 diabetes and 60 control eyes were studied. Changes in the
retinal nerve fiber layer, ganglion cell layer, and inner nuclear layer thicknesses in all Early
Treatment Diabetic Retinopathy Study areas were evaluated.

Results: The mean ages were 42.93 + 13.62 and 41.52 + 13.05 years in the diabetic and
control group, respectively. In 2009, total retinal thickness was higher in diabetic patients;
differences were statistically significant in all except the nasal areas. In both groups, the
mean foveal thickness remained the same during the 8 years. Among diabetic patients,
there was a significant reduction in total retinal thickness in all areas excluding the outer
temporal one; controls only in the inferior areas. The thickness loss was due to the thinning
of the inner retinal layers (inner nuclear layer, ganglion cell layer, and retinal nerve fiber
layer). The controls showed a significant diminution in the retinal nerve fiber layer and in the
ganglion cell layer areas. The inner nuclear layer showed a diminution in the diabetes
mellitus group.

Conclusion: Before the onset of diabetic retinopathy, Type 1 diabetes patients
experience a diminution of their inner retinal layer thicknesses over time, supporting the

hypothesis of retinal neurodegeneration.
RETINA 00:1-8, 2019

Ithough diabetic retinopathy (DR) is the major

cause of visual loss in Type 1 diabetes patients,
it is not the only cause of visual dysfunction. It has
been proven that functional changes affecting the ret-
inal cells exist before the microvascular changes. This
dysfunction is secondary to a neurodegenerative pro-
cess and to the loss of retinal neurons. Diabetic neuro-
degeneration has been diagnosed using different
functional indicators including color perception, ™
diminished contrast sensitivity,- reduction in dark
adaptation,3 electroretinogram changes such as reduc-
tion in oscillatory potential or abnormal multifocal
pattern electroretinogram, ¥ abnormal electrophysio-
logical tests, "= and defects in the retinal nerve fiber
layer (RNFL) with concurrent defects in the visual
field.™=28 Neuronal changes can be studied and quan-
tified using spectral domain optical coherence tomog-

raphy (SD-OCT) thickness and volume. Optical
coherence tomography allows for the visualization of
the retinal layers, their segmentation, and a quantitative
mapping of the studied layer.

Neurodegeneration can be studied by looking for
changes in the different neurons or in the RNFL. The
loss of retinal neurons generates a secondary loss of
the synaptic circuitry that transmits information to the
central nervous system.

Various authors have demonstrated a diminution of
retinal macular thickness before the development of
DR,25=55 mainly due to a reduction of the ganglion cell
layer (GCL)—inner plexiform layer and RNFL in both
Type 1 and Type 2 diabetic patients.®8 To the best of
our knowledge, no one has yet demonstrated, in a ret-
rospective study with a long follow-up time, inner
retinal layer (IRL) changes in a diabetic population not
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yet showing vascular changes. Sohn et al® showed
that the loss of the RNFL and GCL—inner plexiform
layer during 4 years of follow-up using Stratus OCT in
a Type 1 diabetic population with no or minimal dia-
betic lesions correlates with similar findings in animal
models and postmortem immunohistochemistry.

The purpose of our study was to assess IRL thickness
changes in Type 1 diabetic patients with no retinopathy
changes after 8 years of follow-up. The aim was to
demonstrate the presence of a progressive neurodegen-
eration before the signs of DR.

Methods

One hundred twenty-two eyes from 122 diabetes
mellitus (DM) patients with no DR were studied by SD-
OCT in 2009. The eyes were reexamined by SD-OCT
looking for changes in macular thickness. Patients were
studied at the Miguel Servet University Hospital and
Lozano Blesa University Hospital in Zaragoza, Spain.
All of the procedures were conducted in accordance
with the principles of the Helsinki declaration, and the
experimental protocol was approved by the local ethics
committee (CEICA). Detailed consent forms were ob-
tained from each patient.

The criteria for inclusion in the diabetic group were
a Type 1 diabetes diagnosis and no retinal changes evident
by biomicroscopy. The control group included healthy
age-matched subjects. All controls had a best-corrected
visual acuity greater than 20/25 on the Snellen chart, with
refractive errors between +3.75 and —6.75 diopters.

Exclusion criteria were the presence of any sign of
DR or retinopathy of other origin, glaucoma, or
intraocular pressure over 21 mmHg assessed by
Goldmann tonometry, optic nerve pathology, ocular
inflammation, or any ocular surgery or procedure
including laser therapy, ocular traumatism, anterior
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segment pathology, or media opacification. All the
diabetic patients were followed up by the endocrinol-
ogy unit during this time, and blood samples were
analyzed every 6 months. Arterial blood pressure and
lipid values were maintained under extreme control.

All of the subjects underwent a complete ophthal-
mic exploration including medical, ocular, and family
history, best-corrected visual acuity with the Early
Treatment Diabetic Retinopathy Study (ETDRS) chart,
slit-lamp examination, intraocular pressure measure-
ment with Goldmann applanation tonometry, and
fundoscopy examination.

Each individual was imaged using the Spectralis
OCT (Heidelberg Engineering, Inc, Heidelberg, Ger-
many) device. Volume fast macula scanning was
performed. The subject was asked to look into the
internal fixation target for measurement with Tru-Track
eye tracking technology. A second examination (2017)
was scheduled for follow-up. Spectralis OCT provides
a circular macular map analysis, which is composed of
9 sectorial thickness measurements in 3 concentric
circles, with diameters of 1, 3 (inner), and 6 (outer) mm,
forming the 9 areas corresponding to the ETDRS .28 The
following regional macular thicknesses were analyzed:
fovea (1 mm, R1), temporal inner (T1), superior inner
(S1), nasal inner (N1), inferior inner (I1), temporal outer
(T2), superior outer (S2), nasal outer (N2), and inferior
outer (I2). The Spectralis software version was 6.8.1.0.
Segmentation was performed automatically by the
device in both images; measurements included the inner
and outer retina divided by the external limiting mem-
brane (ELM) and the different IRLs including the
RNFL, GCL, inner plexiform layer, and inner nuclear
layer (INL) (Figure 1). The IRL thickness was mea-
sured from the internal limiting membrane (ILM) to
the ELM, and the outer retinal layer (ORL) thickness
was measured from the ELM to the Bruch membrane
(BM). The scan quality and segmentation accuracy
were assessed before the analysis, and scans with poor
quality were rejected. The threshold for image quality
was at least 25 over 40 dB.

All of the statistical analysis was performed using
SPSS (SPSS 22.0, SPSS, Chicago, IL). Temporal
parameters (2017 vs. 2009) were compared by the
nonparametric Wilcoxon test, and the mean values by
groups within the same year were analyzed by the
Kolmogorov—Smirnov test. A P value < 0.05 was
considered statistically significant.

Results

From the 122 Type 1 diabetes patients studied in
2009, 32 patients failed to complete the study (four of
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them died from causes that were not related to their
diabetes, all of them from hematologic neoplasms). In
addition, 16 eyes developed retinal changes before
2017 and were excluded, and thus, 12 patients did not
continue with the study. Ultimately, 90 eyes from 90
patients were analyzed. Sixty eyes from 60 normal
age-matched subjects served as a control group. The
mean age in the control group was 42.41 + 13.56 years
(range 26-68); the mean in the diabetic group was
41.52 + 13.05 years (range 22-65). Female subjects
accounted for 46.7% of the Type 1 diabetes group and
65% of the control group.

The mean length of diabetes evolution at the 2017
exploration time was 24.88 + 8.42 years (range 9-40
years). The diabetic population showed a mean HbAlc
value of 7.73 + 1.22% in 2009 and 7.76 = 1.06% in
2017. Blood pressure and lipid values were maintained
in normal limits.

In 2017, ophthalmological evaluation of the control
group showed —0.113 + 0.097 logarithm of the min-
imum angle of resolution (logMAR) (26/20 Snellen)

Fig. 1. Cross-sectional B scan
demonstrating the reference
lines used for analysis. Left,
original reference lines; right,
magnified view of the lines.
OPL, outer plexiform layer; PR,
pneumatic retinopexy.

mean best-corrected visual acuity with 100% ETDRS
chart, +0.21 = 0.18 logMAR (12/20 Snellen) with
2.5% ETDRS chart, and +0.32 + 2.27 logMAR
(10/20 Snellen) with 1.25% ETDRS chart. Ophthal-
mological evaluation of the diabetic group showed
—0.13 £ 0.11 logMAR (27/20 Snellen) with 100%
ETDRS chart, 0.35 + 0.16 logMAR (9/20 Snellen)
with 2.5% ETDRS chart, and 0.35 = 2.87 logMAR
(9720 Snellen) with 1.25% ETDRS chart. At follow-
up, the mean intraocular pressure was 16.59 + 2.27
mmHg and 16.82 + 2.87 mmHg in the control and
diabetic groups, respectively.

In 2009, total retinal thicknesses were higher in the
diabetic group than in the control group; differences
were statistically significant in all the areas (P < 0.05),
including the central retina, except in the parafoveal
nasal (N1). These differences were mainly due to IRL
thickness, and in the ORL, there was only difference in
12. In 2017, the only areas in which statistically sig-
nificant differences were found between the diabetic
and control group were the central retina (R1) and in

Table 1. Total Retina Thickness, IRL (From ILM to ELM), and ORL (From ELM to BM) in DM vs. Controls, for the Two Time
Points (2017 and 2009)

DM vs. Control in 2009

DM vs. Control in 2017

Total IRLs Outer Retinal Total IRLs Outer Retinal
Retina  (ILM-ELM) Layers (ELM-BM) Retina (ILM-ELM) Layers (ELM-BM)
Foveal center (ETDRS central  0.005* 0.046* 0.884 0.030* 0.030* 0.143
region: R1, 1 mm)
Inner circle (ETDRS
paracentral region: 3 mm)
Superior S1 0.024* 0.045* 0.423 0.269 0.236 0.660
Temporal T1 0.013* 0.002* 0.976 0.068 0.060 0.561
Inferior 11 0.009* 0.016* 0.766 0.276 0.250 0.977
Nasal N1 0.056 0.033* 0.649 0.213 0.109 0.947
Outer circle (ETDRS
pericentral region: 6 mm)
Superior S2 0.006* 0.035* 0.363 0.004* 0.010* 0.939
Temporal T2 0.027* 0.053 0.460 0.259 0.070 0.989
Inferior 12 0.001* 0.003* 0.044* 0.009* 0.005* 0.051
Nasal N2 0.238 0.369 0.090 0.440 0.633 0.178

Statistically significant differences found between the DM group and control group are shown in bold and with an asterisk (*) for the
ETDRS regions evaluated (foveal center, inner circle, and outer circle). Differences were mainly found in the IRL.
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external vertical sectors (S2 and 12). These differences
were located in the IRL (Tables 1 and 2).

Table 2 shows that the mean retinal subfoveal
thickness remained the same during the 8-year
follow-up period. The values for the control and dia-
betic group were 277.63 + 17.96 um versus 286.60 +
23.90 pm in 2009, respectively, and 279.28 + 16.36
pum versus 288.28 + 28.59 um in 2017, respectively.
In the diabetic patients, there was a significant reduc-
tion in total retinal thickness in all of the ETDRS
areas excluding the outer temporal (T2) area; the con-
trol group showed a thickness decrease only in both
inferior areas (I1 and I12). The thickness loss was
mainly due to the thinning of the IRL that was sig-
nificantly reduced in all areas of the diabetic patients
excluding the central and outer temporal (T2) areas
(Table 3), as reflected in the total retinal thickness
values (Table 1). Globally, the thickness diminution
was seen in RNFL, GCL, and INL, and the regions
achieving statistically significant differences between
evaluations are shown in gray on the map of the
different ETDRS areas (Figure 2). The control group
showed preserved IRL thickness in all areas except
the outer vertical areas (S2 and I2), and ORL re-
mained the same in all areas except S1 in controls
and T2 in the DM group (Table 4).

Loss of GCL and RNFL was found in both diabetic
and healthy subjects (Figure 2). Looking at the para-
central areas (N1, S1, T1, and I1) where the GCL
bodies are located, the control group showed loss in
both the S1 and I1 zones, and diabetic patients showed
loss in all of these sectors. Looking at the RNFL in the
perifoveal areas, where the fibers are predominantly
located, the control group again showed loss in the
12 and S2 regions, as well as in N2, whereas the dia-
betic patients showed loss in the T2, 12, and N2
sectors.

The loss of the different layers by ring during the 8
years of follow-up was calculated. In the control
group, the mean GCL loss was —0.076 um/year in
the parafoveal ring; no loss of RNFL was found in the
perifoveal areas during this time. Inner nuclear layer
loss in the control group was —0.053 pwm/year in the
perifoveal area with no changes in the parafoveal
area. Diabetic patients lost —0.182 um/year in the
GCL of the parafoveal ring, and they did not show
loss of the mean perifoveal RNFL. The INL of the
diabetic patients lost —0.111 wm/year and —0.126
pm/year in the perifoveal and parafoveal areas,
respectively.

The outer retinal layer (comprising the ELM
and the retinal pigment epithelium) was mainly
preserved in both groups during the 8 years of
follow-up.
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Table 2. Mean Values of the Total Retinal Thickness of the Areas Evaluated and Statistical Comparison of the Results by Group and Year
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RNFL

CONTROL

DM ; p=0.104

GCL INL

Fig. 2. Thickness maps showing differences in the RNFL, the GCL, and the INL in the different ETDRS areas corresponding to a right eye, with
temporal areas on the left and nasal areas on the right, in DM and the control group. Significant changes after 8 years of follow-up are shown in gray

(P < 0.05).

fiber layer is expected to be lost first at the nasal region
of the peripheral (N2) area, but this finding was com-
mon to both the control group and diabetic patients. 3@
Using the total value of the RNFL in the 4 pericentral
areas, we did not find any loss during the 8 years, not
only in the control group but also in the diabetic group
as well. The distribution of the RNFL in vertical areas
with less fibers and more separation between them
make them more susceptible to the damage, as it hap-
pens in other diseases.® Park et al® found that both
RNFL and GCL in the superior quadrants had a higher
fiber and cell loss. They explained their findings were
due to a lower perfusion in this area. The biggest
change in our studied groups was at the INL level:
In the perifoveal area, the loss was —0.053 wm/year
versus —0.111 wm/year in the control and diabetic
group, respectively. Only the diabetic patients had loss
in the parafoveal area, at a rate of —0.126 um/year,
whereas the controls remained unaltered in this area.
These changes in the INL could be related to the loss
of the GCL as a sign of the retrograde degeneration.
Sohn et al® had similar findings in a smaller pop-
ulation including minimal retinal changes in a 4-year

follow-up period. The strength of their study was the
ability to correlate the OCT findings with the IRL
thinning in a diabetic rodent model. Their results are
provided using Stratus, a time-domain OCT. Spectral
domain optical coherence tomography has a much bet-
ter resolution of the retinal structures in these small
values of the retinal layers.

The loss of the IRL could support the perifoveal
capillary loss seen in both Type 1 and 2 diabetic patients
before the onset of diabetic retinal changes. Dimitrova
et al® showed a significant decrease in both the superficial
and deep capillary plexus using OCTA in diabetic patients
before the onset of lesions (mainly Type 2 diabetic pa-
tients). The foveal avascular zone was increased in the
superficial plexus supporting the inner vascular changes.
Vujosevic et al® showed this capillary loss in the super-
ficial capillary plexus and an increase in the foveal avas-
cular zone supporting the changes in the IRL. The authors
showed a decrease in the inner retinal thickness values,
but the results did not reach significant levels.

Subfoveal thickness is generated by cones and
Miiller cell bodies. It has no relation to the amount
of ganglion cells. We did not find glial cell diminution

Copyright © by Ophthalmic Communications Society, Inc. Unauthorized reproduction of this article is prohibited.


elvira
Texto insertado
Optical Coherence Tomography Angiography


RETINAL CHANGES IN TYPE 1 DIABETES « PINILLA ET AL 7

[ © &~ o © >~ at this level. The absence of changes during the 8 years
= . .
Slc|® 8858 BRI of follow-up in our study supports the hypothesis that
35| ) s Ay p y supp yp
=95 |° eceoe ecee the number of cones at the foveal level is well main-
S 2 tained during a long time interval. Other explanations
o E o™ oo~ obo< could be the Miiller cell activation or thickening of the
Elz Q sKse os5dyg retinal pigment epithelium that appears with age, but
™ O
= N oN®= QAN p1g p PP g
g © cocoo ©ooo the mean age of our population was relatively young
g for this retinal pigment epithelium aging explanation.
3 < cecs ST The IRL is a part of the central nervous system.
o N~ NONO N2
0] i Q@ P i N N i i 3?) Changes in the central nervous system have been
Bl=[~® SIS SIS found in long-standing Type 1 diabetic patients with
8| 5|c g g lyp P s
215|815 2859 gLrIR decreased functional connectivity and cognition,®
£| € ) L 0 0 1O ) O N y g
al 5|7 A T suggesting that chronic hyperglycemia can damage
| O H HoH HH HoH HH g8 g ypergly
@« Y N QQEo LS © neural function with long-term diabetic status, as seen
[0 - .
£l |3|z8 ds88 g=Re in our sfudy.
© - Patients included in our study had good glycemic
5 § control. Other concomitant diseases that could affect
'% Sy SEe6E 5656 the results were excluded. Lipid levels and arterial
Q ®| T PP e O O O tension were extremely well controlled, eliminatin
| L1 11T
S S |lo O WO <t © AN+ ™ Y °
8 |2 NN N potential confounders. None of the diabetic patients
B g T 3 QeI RENG showed kidney dysfunction or peripheral neuropathy.
2 Llm N ENE R INENENEN
2 a |+ HoH HH HoH HH
© had —
& & 83~ RKL8H
g & BoI3 BRRR Conclusion
©
o .
£ = s seaT In conclusion, before the onset of DR, Type 1
=) o B DO 0 & 0 diabetic patients can present an increased retinal
IS I VAN LT ¢ ’ . : -
7 2% NRER NN thickness due to IRL thickening. Patients experience
w| 1o |= At i e et = g P
| 21Q|g 2293 Roxo a diminution of their retinal thicknesses over time,
:?’ é S|» NN —a o mainly in their IRL, supporting the hypothesis of
m |+ HoH HH HoH HH : Lo : : :
o g cogn caoa| retinal neurodegeneration in the diabetic patient.
4 = | o --oa > 0600 | S Key words: diabetic retinopathy, ganglion cell
o W e @ 0 © © [ N N N P y pathy, gang
@ 0 v layer, inner nuclear layer, inner retinal layers, neuro-
é’ 2 a degeneration, ophthalmology, retinal nerve fiber layer,
T | ~ —~— ~——]| < ; . . .
o i o) oo ® OYoN|E retinal thickness, spectral domain optical coherence
c —_|® 00 O O © VWO | 2 P . . P
= Tl < &b hhtt|2 tomography, Type 1 diabetes mellitus.
s| [5|e SIS S SIS
m o< NN 00 © onow|®
= -
2|8 NN e e References
s S|+ HoH HH HHHAH|D
d Ol @ 589 o g pohn 5 1. Ewing FM, Deary 1J, Strachan MW, Frier BM. Seeing beyond
= g -e o al g o5 o5 5 “3 retinopathy in diabetes: electrophysiological and psychophys-
o © @ © © © MM~ 5 ical abnormalities and alterations in vision. Endocr Rev 1998;
o > 19:462-476.
(o] . _ ] 2. Kinnear PR, Aspinall PA, Lakowski R. The diabetic eye and
2 € © —_ S 1 ision. T Ophthalmol Soc U K 1972;92:69-78
') = —_ 0 colour vision. 1rans Up almol >S0C Sl .
% 3 < % E S 2 3. Della Sala S, Bertoni G, Somazzi L, et al. Impaired contrast
> § g o ™ g B sensitivity in diabetic patients with and without retinopathy:
5 cT(@. = .. = a new technique for rapid assessment. Br J Ophthalmol
3 =c|x €on S n e [
S| 2S|BExg @ 5 2 1985:69:136-142.
| E E w - E o _ E 2 N S 4. Sokol S, Moskowitz A, Skarf B, et al. Contrast sensitivity in
g TN |5 URsHE QJ/% SE z diabetics with and without background retinopathy. Arch Oph-
S| ZH|EroEsmdss oS gy |2 thalmol 1985;103:51-54.
© Q 0.0505-20€c05-2|8 o
— g S|o g 3 S 85 5 S g S 85 S| B 5. Ismail GM, Whitaker D. Early detection of changes in visual func-
= OE) g D ; g g— g @ a 55 % qE) E 2% tion in diabetes mellitus. Ophthalmic Ph.ysiol. Opt 1998;18:3—.12.
= 3 L2omn-rEZEQD-EZ|H 6. Henson DB, North RV. Dark adaptation in diabetes mellitus.
= w £ o Br J Ophthalmol 1979;63:539-541.

Copyright © by Ophthalmic Communications Society, Inc. Unauthorized reproduction of this article is prohibited.


elvira
Texto insertado
(written in bold)


8

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

RETINA, THE JOURNAL OF RETINAL AND VITREOUS DISEASES ¢ 2019 « VOLUME 00 « NUMBER 00

. Lovasik JV, Spafford MM. An electrophysiological investiga-

tion of visual function in juvenile insulin-dependent diabetes
mellitus. Am J Optom Physiol Opt 1988;65:236-253.

. Di Leo MA, Falsini B, Caputo S, et al. Spatial frequency-

selective losses with pattern electroretinogram in type 1 (insu-
lin-dependent) diabetic patients without retinopathy. Diabeto-
logia 1990;33:726-730.

. Greco AV, Di Leo MA, Caputo S, et al. Early selective neuro-

retinal disorder in prepubertal type 1 (insulin-dependent) dia-
betic children without microvascular abnormalities. Acta
Diabetol 1994;31:98-102.

. Kurtenbach A, Langrova H, Zrenner E. Multifocal oscillatory

potentials in type 1 diabetes without retinopathy. Invest Oph-
thalmol Vis Sci 2000;41:3234-3241.

Bearse MA, Han Y, Schneck ME, Adams AJ. Retinal function in
normal and diabetic eyes mapped with the slow flash multifocal
electroretinogram. Invest Ophthalmol Vis Sci 2004;45:296-304.

. Anastasi M, Lauricella M, Giordano C, Galluzzo A. Visual

evoked potentials in insulin-dependent diabetics. Acta Diabetol
Lat 1985;22:343-349.

Pozzessere G, Rizzo PA, Valle E, et al. Early detection of neuro-
logical involvement in IDDM and NIDDM. Multimodal evoked
potentials versus metabolic control. Diabetes Care 1988;11:473-480.
Mariani E, Moreo G, Colucci GB. Study of visual evoked poten-
tials in diabetics without retinopathy: correlations with clinical find-
ings and polyneuropathy. Acta Neurol Scand 1990;81:337-340.
Martinelli V, Filippi I, Meschi F, et al. Electrophysiological
study of optic pathways in insulin dependent diabetes mellitus.
Clin Vis Sci 1991,6:437-443.

Pozzessere G, Valle E, de Crignis S, et al. Abnormalities of
cognitive functions in IDDM revealed by P300 event-related
potential analysis. Comparison with short-latency evoked po-
tentials and psychometric tests. Diabetes 1991;40:952-958.
Uccioli L, Parisi V, Monticone G, et al. Electrophysiological
assessment of visual function in newly-diagnosed IDDM pa-
tients. Diabetologia 1995;38:804—808.

Abrishami M, Daneshvar R, Yaghubi Z. Short-wavelength
automated perimetry in type I diabetic patients without retinal
involvement: a test modification to decrease test duration. Eur J
Ophthalmol 2012;22:203-209.

Pinilla I, Ferreras A, Idoipe M, et al. Changes in frequency-
doubling perimetry in patients with type I diabetes prior to
retinopathy. Biomed Res Int 2013;2013:341269.

Vujosevic S, Midena E. Retinal layers changes in human preclinical
and early clinical diabetic retinopathy support early retinal neuronal
and miiller cells alterations. J Diabetes Res 2013;2013:905058.
Peng PH, Lin HS, Lin S. Nerve fibre layer thinning in patients
with preclinical retinopathy. Can J Ophthalmol 2009;44:417-422.
Biallosterski C, van Velthoven ME, Michels RP, et al. Decreased
optical coherence tomography-measured pericentral retinal thick-
ness in patients with diabetes mellitus type 1 with minimal dia-
betic retinopathy. Br J Ophthalmol 2007;91:1135-1138.
Chihara E, Matsuoka T, Ogura Y, Matsumura M. Retinal nerve
fiber layer defect as an early manifestation of diabetic retinop-
athy. Ophthalmology 1993;100:1147-1151.

Bronson-Castain KW, Bearse MA, Neuville J, et al. Early
neural and vascular changes in the adolescent type 1 and type
2 diabetic retina. Retina 2012;32:92—-102.

Cabrera DeBuc D, Somfai GM. Early detection of retinal thick-
ness changes in diabetes using Optical Coherence Tomogra-
phy. Med Sci Monit 2010;16:MT15-MT21.

Carpineto P, Toto L, Aloia R, et al. Neuroretinal alterations in
the early stages of diabetic retinopathy in patients with type 2
diabetes mellitus. Eye (Lond) 2016;30:673-679.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Sohn EH, van Dijk HW, Jiao C, et al. Retinal neurodegenera-
tion may precede microvascular changes characteristic of dia-
betic retinopathy in diabetes mellitus. Proc Natl Acad Sci U S
A 2016;113:E2655-E2664.

Photocoagulation for diabetic macular edema. Early treatment
diabetic retinopathy study report number 1. Early treatment
diabetic retinopathy study research group. Arch Ophthalmol
1985;103:1796-1806.

Mizutani M, Kern TS, Lorenzi M. Accelerated death of retinal
microvascular cells in human and experimental diabetic reti-
nopathy. J Clin Invest 1996;97:2883-2890.

Barber AJ. A new view of diabetic retinopathy: a neurodegen-
erative disease of the eye. Prog Neuropsychopharmacol Biol
Psychiatry 2003;27:283-290.

Mizutani M, Gerhardinger C, Lorenzi M. Miiller cell changes
in human diabetic retinopathy. Diabetes 1998;47:445-449.
Gardner TW, Antonetti DA, Barber AJ, et al. Diabetic retinop-
athy: more than meets the eye. Surv Ophthalmol 2002;47:
$253-S262.

Krogsaa B, Lund-Andersen H, Mehlsen J, Sestoft L. Blood-
retinal barrier permeability versus diabetes duration and retinal
morphology in insulin dependent diabetic patients. Acta Oph-
thalmol (Copenh) 1987;65:686—692.

Herndndez C, Dal Monte M, Sim6 R, Casini G. Neuroprotec-
tion as a therapeutic target for diabetic retinopathy. J Diabetes
Res 2016;2016:9508541.

Demirkaya N, van Dijk HW, van Schuppen SM, et al. Effect of
age on individual retinal layer thickness in normal eyes as
measured with spectral-domain optical coherence tomography.
Invest Ophthalmol Vis Sci 2013;54:4934-4940.

Scarinci F, Picconi F, Virgili G, et al. Single retinal layer
evaluation in patients with type 1 diabetes with No or early
signs of diabetic retinopathy: the first hint of neurovascular
crosstalk damage between neurons and capillaries? Ophthal-
mologica 2017;237:223-231.

van Dijk HW, Verbraak FD, Kok PH, et al. Decreased retinal
ganglion cell layer thickness in patients with type 1 diabetes.
Invest Ophthalmol Vis Sci 2010;51:3660-3665.

van Dijk HW, Verbraak FD, Kok PH, et al. Early neurodegen-
eration in the retina of type 2 diabetic patients. Invest Oph-
thalmol Vis Sci 2012;53:2715-2719.

Garway-Heath DF, Poinoosawmy D, Fitzke FW, Hitchings
RA. Mapping the visual field to the optic disc in normal ten-
sion glaucoma eyes. Ophthalmology 2000;107:1809-1815.
Guedes V, Schuman JS, Hertzmark E, et al. Optical coherence
tomography measurement of macular and nerve fiber layer
thickness in normal and glaucomatous human eyes. Ophthal-
mology 2003;110:177-189.

Park HY, Kim IT, Park CK. Early diabetic changes in the nerve
fibre layer at the macula detected by spectral domain optical
coherence tomography. Br J Ophthalmol 2011;95:1223-1228.
Dimitrova G, Chihara E, Takahashi H, et al. Quantitative ret-
inal optical coherence tomography angiography in patients
with diabetes without diabetic retinopathy. Invest Ophthalmol
Vis Sci 2017;58:190-196.

Vujosevic S, Muraca A, Alkabes M, et al. Early microvascular
and neural changes in patients with type 1 and type 2 diabetes
mellitus without clinical signs of diabetic retinopathy. Retina
2019;39:435-445.

van Duinkerken E, Klein M, Schoonenboom NS, et al. Func-
tional brain connectivity and neurocognitive functioning in pa-
tients with long-standing type 1 diabetes with and without
microvascular complications: a magnetoencephalography study.
Diabetes 2009;58:2335-2343.

Copyright © by Ophthalmic Communications Society, Inc. Unauthorized reproduction of this article is prohibited.



