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Purroskt. To study birefringence of the peripapillary retinal nerve fiber layer (RNFL) of
diabetic eyes with no clinical signs of diabetic retinopathy (DR) or mild to moderate DR
stages using spectral-domain polarization-sensitive (PS) optical coherence tomography
(OCD).

MerHobs. In this observational pilot study, circular PS-OCT scans centered on the optic
nerve head were recorded in prospectively recruited diabetic and age-matched healthy
eyes. From averaged circumpapillary intensity and retardation tomograms plots of RNFL
birefringence were obtained by a linear fit of retardation versus depth within the RNFL
tissue for each A-scan position and mean birefringence values for RNFL calculated.
Spectral-domain OCT imaging (Heidelberg Engineering) was performed to assess peri-
papillary RNFL thickness and macular ganglion cell complex (GCO).

Resurts. Out of 70 eyes of 43 diabetic patients (mean + SD age: 50.86 + 15.71)
36 showed no signs of DR, 17 mild and 17 moderate nonproliferative DR with no diabetic
macular edema. Thirty-four eyes of 34 healthy subjects (53.21 £+ 13.88 years) served as
controls. Compared with healthy controls (0.143° &+ 0.014°/pm) mean total birefringence
of peripapillary RNFL was significantly reduced in subclinical diabetic eyes (0.131° +
0.014°/pm; P = 0.0033), as well as in mild to moderate DR stages (0.125° + 0.018°/pm
, P < 0.0001) with borderline statistically significant differences between diabetic patients
(P = 0.0049). Mean birefringence values were significantly lower in inferior compared
with superior RNFL sectors (P < 0.0001) of diabetic eyes with no such difference detected
in the healthy control group.

Concrusions. We identified evidence of early neuroretinal alteration in diabetic eyes
through reduced peripapillary RNFL birefringence assessed by PS-OCT occurring before
appearance of clinical microvascular lesions or GCC alterations.
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D iabetic retinopathy (DR) is the leading cause of irre-
versible but preventable blindness in working-age
adults worldwide caused by microvascular and neurodegen-
erative damages to the retina.!”> Retinal diabetic neuropa-
thy (RDN) occurs early during the pathogenesis of DR
and may even be present in the absence of clinically
detectable microvasculopathy.? Characteristic alterations in
retinal neural structures include loss of ganglion cells,
neural apoptosis, and reactive gliosis combined with thin-
ning of the inner retina. Functional changes observed in
these patients are dysfunctional dark adaptation,® deficits
in contrast sensitivity,! altered perimetry tests,>° as well as
abnormal pattern’ and multifocal electroretinograms.> The
second innermost layer of the retina consists of the retinal
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nerve fiber layer (RNFL), which is composed of unmyeli-
nated axons of the ganglion cells. Their thickest dimensions
are located around the optic nerve and decrease toward the
peripheral retina. As ocular optical components allow unob-
structed observations of neural tissues in the living human
eye, RNFL can be imaged with optical coherence tomogra-
phy (OCT) technology.® In a number of ocular and systemic
diseases, such as glaucoma,” multiple sclerosis,'® Parkin-
son,!! and Alzheimer diseases,? thinning of peripapillary
RNFL has been observed by OCT.

Polarization-sensitive (PS)-OCT"3-18 is a functional exten-
sion of conventional intensity-based OCT combining depth-
resolved retinal images with the polarization sensitiv-
ity of scanning laser polarimetry (SLP),'* allowing the
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quantification of RNFL birefringence.'®2°-23 Different retinal
layers show specific polarizing properties and can be differ-
entiated into polarization maintaining structures, includ-
ing the photoreceptor layer, depolarizing layers, such as
the retinal pigment epithelium,?*?> and birefringent struc-
tures encompassing the retinal nerve fiber and Henle fiber
layer.2$-26-2° The main benefit of PS-OCT imaging is its poten-
tial to simultaneously and independently measure retarda-
tion and thickness of RNFL.

To the best of our knowledge, no comprehensive study
comparing RNFL birefringence between diabetic and healthy
subjects has been performed. A recently published pilot
study by our group analyzed the repeatability of RNFL bire-
fringence calculation and only gave a limited comparison
between the results in a small subset of healthy subjects
(n = 7) and diabetic patients with mild or moderate DR
(n = 7)3° The present study focuses on a more detailed
quantitative and statistically relevant comparison by PS-OCT
aiming to quantify peripapillary RNFL birefringence values
in eyes with different DR stages ranging from subclinical
to moderate DR, differentiating between superior and infe-
rior peripapillary segments and including clinical parame-
ters such as HbAlc levels or diabetes duration.

SUBJECTS AND METHODS

The research adhered to the tenets of the Declaration of
Helsinki and the Good Clinical Practice guidelines. Insti-
tutional review board approval was obtained at the Medi-
cal University Vienna, and all participants provided written
informed consent before study inclusion.

Patients and healthy control subjects were recruited at
the Department of Ophthalmology and Optometry at the
Medical University Vienna.

We included adult type 1 or 2 diabetic patients with mild
or moderate nonproliferative DR and no clinically detectable
DR as assessed on detailed funduscopy including far periph-
eral retinal regions at the slit lamp and additionally analyz-
ing widefield images performed with Optomap (California,
Optos). The healthy nondiabetic control group consisted
of age-matched subjects with one randomly selected eye
included without any ocular disease, except cataract. In
both the diabetic and healthy control group, a Spectralis
peripapillary RNFL scan was performed and only subjects
within normal limits (see description later) were included
in the analysis. Exclusion criteria in the diabetic group
were present or past diabetic macular edema (DME), prolif-
erative DR, intravitreal injection of anti-VEGF or corticos-
teroids, retinal photocoagulation, previous ocular surgeries
except cataract surgery (at least 6 months prior to study
inclusion), any other ocular disease. Exclusion criteria for
the healthy control group were any past or present ocular
diseases except cataract or any ocular surgeries except
cataract extraction at least 6 months prior to study inclu-
sion. Other exclusion criteria for both groups were refrac-
tive errors over +2 or under —3 diopters. The stage of
DR in the diabetic group was classified based on the Early
Treatment Diabetic Retinopathy Study (ETDRS) classifica-
tion. The grading of the severity of DR was done by two
trained graders on Optomap fundus images with superim-
posed seven-fields (not on fundus photography).! Both eyes
of diabetic patients were included if eligible. In the healthy
subject group only one eye was included. After ETDRS
best-corrected visual acuity (BCVA) testing, standard ante-
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rior segment, and dilated fundoscopy examinations were
performed followed by ophthalmic imaging.

SreEcTRAL-DOMAIN OCT IMAGING

Peripapillary RNFL thickness measurements were performed
with the Spectralis OCT (Heidelberg Engineering, Heidel-
berg, Germany) only for screening study participants using
a circular scan pattern measuring 12° in diameter. Analysis
was performed with the Spectralis software version 1.10.4.0,
and only patients with RNFL thickness measurements within
normal limits as indicated automatically by the software
were included in the study.

Further, Spectralis OCT was used to acquire macu-
lar volume scans consisting of 97 B-scans. Retinal layers
were delineated using the inbuilt automated segmenta-
tion algorithm and corrected manually in each B-scan if
necessary. We analyzed the mean thickness in the central
ETDRS subfield, the inner (3-mm diameter, consisting of 4
parafoveal subfields) and outer (6-mm diameter, consisting
of 4 perifoveal subfields) ETDRS ring for the RNFL, ganglion
cell layer (GCL), and inner plexiform layer (IPL).

SWEPT-SOURCE OCT IMAGING

Macular volume scans were performed with the PlexElite
system (Carl Zeiss Meditec, Jena, Germany) using a 6 x
6 mm scanning pattern centered on the fovea to evaluate
the presence of macular edema in diabetic patients.

PS-OCT IMAGING

Measurement of peripapillary RNFL birefringence was
performed using a spectral-domain PS-OCT system with an
integrated retinal tracker.’> Imaging was performed with a
center wavelength of 860 nm, an A-scan rate of 70 kHz, and
a bandwidth of 60 nm. The resolution achieved was 4.2 pm
(in tissue) axially and 20 pm laterally. For each subject, a
raster scanning including the optic nerve head (ONH) and
a circular scan around the ONH were acquired. The raster
images consisted of 250 B-scans of 1024 A-scans each. One
hundred circular B-scans of 2048 A-scans repeated at the
same location around the ONH (radius: 1.5 mm; this corre-
sponds to the center radius used for retardation imaging by
SLP with the Carl Zeiss Meditec GDX-VCC instrument) were
additionally acquired. After standard Fourier domain OCT
processing of the data and extraction of the polarization
parameters, individual corneal birefringence compensated
retardation tomograms were obtained by applying an algo-
rithm that is described in detail elsewhere and also corrected
for birefringence effects introduced by other sections of the
anterior eye segment including the lens.>> Averaged intensity
and retardation circumpapillary tomograms (obtained from
the 50 scans best correlated to an empirically chosen single
scan of high quality that is free from motion artifacts) were
extracted using a method based on Stokes vector averaging>
and used for the quantitative birefringence analysis. From
the circumpapillary intensity and retardation tomograms,
circumpapillary plots of RNFL birefringence were obtained
by a linear fit of retardation versus depth (within the RNFL
tissue) for each A-scan position. Details of the method are
reported in our recent related study.*® The reproducibility
of this method has been shown to be 0.005°/pm in healthy
eyes. Averaged RNFL circumpapillary birefringence is
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Ficure 1. Representative examples of a 57-year-old healthy female eye (A1, B1, C1), a 58-year-old diabetic female eye with subclinical
DR (A2, B2, C2), a 67-year-old male eye with mild DR (A3, B3, C3), and a 36-year-old male eye with moderate DR (A4, B4, C4). A1-A4:
RNFL thickness (um) maps are color coded and show the circular scan around the ONH with a radius of 1.5 mm. B1-B4: Cross-sectional

intensity averaged circular scans obtained at the location indicated by

the ring in A1-A4 starting from the temporal and followed by the

superior quadrant. C1-C4: Birefringence (°/pm) maps are color coded and show the location of the ring from which the birefringence values
are obtained. Reduced birefringence is seen in the diabetic eyes (C2-C4) compared with the healthy control subject (C1). (D, E) Graphs of

peripapillary RNFL thickness (D) and birefringence (E) along the ring
similar among the study subjects shown, birefringence plots are higher

around the ONH are shown. Although the thickness plots appear
in the healthy control subject. All values along the circumpapillary

scan are shown, whereas only areas of RNFL thickness >100 pm are used for quantitative analysis, that is, areas above the dashed line in

(D). I, inferior; N, nasal; S, superior; T, temporal.

calculated considering only areas of RNFL thickness >100
pm (which provide a sufficient amount of points in depth
for an accurate linear fit) and after removal of the vessels
(identified by the shadows they cast on the RPE). Distinction
between the inferior and superior sectors is also performed.
Additionally, en face RNFL thickness and birefringence maps
were obtained from the raster scans. Figure 1 shows an
overview of scans and maps obtained by PS-OCT imaging.

STATISTICAL ANALYSIS

Qualitative variables are reported as absolute frequency and
percentage. For quantitative variables mean =+ standard devi-
ation are reported.

DR stages (diabetes without clinically manifest DR,
mild/moderate DR, healthy controls) were compared by
mixed models (SAS Proc mixed; SAS Institute Inc., Cary, NC)
adjusting for age. Subject-ID was taken as random factor. If
the F-test of DR stage was statistically significant, pairwise
group comparisons were conducted.

To analyze the difference between superior and infe-
rior birefringence within diabetic patients, a mixed model
was calculated. The dependent variable was birefringence,
the independent variable was superior (yes/no). Subject-ID
and the nested effect of eye within subject were taken as
random factors, whereby a compound symmetry was chosen
as the covariance structure. The interaction term between
DR stage and superior was also analyzed but removed from
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the model because the P value of the F-test was greater than
0.05 (results not shown).

To analyze the effect of disease-related or demographic
variables on birefringence (total, superior, or inferior,
respectively) within diabetic patients, mixed models with
subject-ID as random factor were applied. DR stage and
the interaction with DR stage were included as additional
independent variables. If the F-test of the interaction term
revealed a P value >0.05, the interaction term was removed
from the model. If the P value of DR-stage was >0.05 in
the reduced model, a univariate mixed model was calcu-
lated (results of the F-tests not shown). The subgroup of
healthy subjects was analyzed by paired #-test and univari-
ate linear models. Mixed models were checked for influen-
tial observations. Influential observations were analyzed by
diagnostic plots (restricted likelihood distance [RLD], Cook’s
distance, and COVRatio). An observation was excluded from
the model if the following criterion was met: RLD >2 +
Cook’s distance >4/n + |COVRatio — 1| > 3*p/n, where
n is the number of eyes and p is the number of parame-
ters in the model (Nieuwenhuis et al. 201252, SAS/STAT 14.3.
User’s guide). Hence in the mixed models with GCL in the
disc/fovea as dependent variable, one influential observation
was excluded.

Because of the exploratory character of the study, no
adjustment for multiple testing was done. The significance
level has been set to 0.05. Statistical analyses were carried
out with SAS 9.4 (SAS Institute Inc.).

RESULTS

Seventy eyes (35 left eyes) of 43 patients (15 women) with
diabetes mellitus (n = 26 type 2 and n = 17 type 1) and
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TasLe 1. Baseline Characteristics of Diabetic Patients
No. of Patients/Eyes 43/70
Sex, no. patients (%)
Male 28 (65.12)
Female 15 (34.88)
Diabetes type, no. patients (%)
2 26 (60.47)
1 17 (39.53)

Hb1A1C level (%), mean + SD 7.67 £+ 1.62 (2 missing)

BCVA, mean + SD 1.09 £+ 0.15
DR stage, no. eyes (%)
No clinically detectable DR 36 (51.43)
Mild DR 17 (24.29)
Moderate DR 17 (24.29)
Insulin therapy, no. patients (%) 26 (60.47)
Diabetes duration, years, mean £+ SD 14.95 £ 9.95

a mean age of 50.86 £ 15.71 years were enrolled in this
prospective observational pilot study. At time of enrollment,
36 eyes had no clinically detectable DR, 17 eyes showed mild
and 17 eyes moderate DR. The mean HbAlc was 7.67% =+
1.62% and mean diabetes duration 14.95 + 9.95 years. The
mean BCVA was 1.09 £ 0.15. None of the patients presented
with a current DME defined by DRCR (Diabetic Retinopa-
thy Clinical Research) Network criteria as retinal thickness
in the central subfield of 250 ym or greater as assessed on
cross-sectional spectral-domain OCT scans, or any previous
episodes of DME as reviewed by respective medical charts
and spectral-domain OCT scans.?®> One patient had uncom-
plicated cataract surgery in 1 eye 12 months prior to study
inclusion. Table 1 summarizes the baseline characteristics of
the diabetic patients. Thirty-four eyes (22 left) of 34 healthy
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subjects and diabetics with no DR to mild/moderate DR. The comparison of healthy versus diabetes, no DR (P = 0.0033), and healthy versus
diabetes mild/moderate DR (P < 0.0001) was statistically significant, whereas the difference between diabetes groups was only borderline
significant (no DR vs. mild/moderate DR; P = 0.050). In the box plots, the inferior boundary of the box indicates the 25th percentile, a
black line within the box marks the median, and the superior boundary of the box indicates the 75th percentile. Whiskers extend to the
smallest/largest value within the interval [25th percentile — 1.5 x interquartile range; 75th percentile + 1.5 x interquartile range] and outliers
are shown as circles. If no outliers occur, the whiskers extend to the minimum and maximum, respectively.
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control subjects (17 women) with a mean age of 53.21 +
13.88 years and a mean BCVA of 1.0 £ 0.1 were included.

The mean peripapillary RNFL birefringence values in eyes
of diabetic patients without clinically detectable DR (n = 36)
were 0.131° &+ 0.014°/pm, and in eyes with mild or moderate
DR (n = 34) 0.125° + 0.018°/um. The mean RNFL birefrin-
gence values of age-matched healthy eyes (n = 34) were
0.143° £+ 0.014°/pm.

Mean total RNFL birefringence numbers were statisti-
cally significantly lower in diabetic eyes without clinically
manifest DR, as well as in eyes with mild to moderate DR
stages compared with healthy age-matched controls (mean
difference [95% confidence interval {CI}]: —0.0124 [-0.0202;
-0.0045], P = 0.0033; —0.0189 [-0.0266; —0.0111], P = <
0.0001; respectively; Fig. 2). Comparison of birefringence
values between diabetic subjects with no clinically manifest
DR versus mild to moderate DR stages revealed a border-
line significant difference (0.0065 [-0.000004; 0.0130], P =
0.050; Fig. 2). We further subdivided the peripapillary circu-
lar scan into a superior and inferior sector. Similarly to the
total birefringence results, separate analysis of either the
superior or inferior half ring revealed statistically significant
differences between diabetic eyes without DR and nondi-
abetic healthy age-matched controls (mean difference [95%
CIJ: -0.0127 [-0.0206; -0.0048], P = 0.0027; -0.0121 [-0.0207;
-0.0036], P = 0.0069; respectively) and diabetic eyes with
mild to moderate DR stages and healthy controls (-0.0174 [-
0.0251; -0.0096], P < 0.0001; -0.0201 [-0.0285; -0.0117], P <
0.0001; respectively), a weak significance between diabetic
eyes with no clinically manifest DR versus mild to moderate
DR stages in the inferior half ring (0.0080 [0.0008; 0.0152],
P = 0.0316) but no significant differences between the same
groups in the superior area (0.0047 [-0.0021; 0.0115], P
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TaBLe 2. Peripapillary RNFL Birefringence Values Indicated in
° Per pm in Healthy and Diabetic Subjects Over all Eyes (Healthy:
34 Eyes of 34 Patients, Diabetes Without DR: 36 Eyes of 23 Patients,
Mild/Moderate DR: 34 Eyes of 25 Patients)

Total Birefringence Mean SD Median Q1 Q3

Healthy controls 0.143 0.014 0.141  0.131 0.152
Diabetes without DR 0.131 0.014 0.130 0.121 0.142
Mild/moderate DR 0.125 0.018 0.130 0.118 0.136
Superior birefringence Mean SD Median Q1 Q3

Healthy controls 0.144 0.013 0.143 0.134 0.151
Diabetes without DR 0.132 0.014 0.133  0.124 0.145
Mild/moderate DR 0.128 0.018 0.130 0.121 0.139
Inferior birefringence @Mean SD Median Q1 Q3

Healthy controls 0.140 0.016 0.140 0.131 0.150
Diabetes without DR 0.129 0.015 0.126  0.118 0.137
Mild/moderate DR 0.122  0.019 0.125 0.113 0.134

Q1, 25th percentile; Q3, 75th percentile; SD, standard deviation.

= 0.1668; Table 2). Across the healthy nondiabetic study
subjects mean birefringence values were not significantly
different between superior and inferior sectors (paired t-test:
mean difference [95% CI]: —-0.0038 [-0.0077; 0.00002;], P =
0.051). In contrast, diabetic eyes with no clinically detectable
DR or mild to moderate DR stages showed significantly
lower mean birefringence values in the inferior compared
with the superior sectors (mixed model: mean difference
[95% CI]: —0.0047 [-0.0068; -0.0026], P < 0.0001; Fig. 3).
Diabetes duration was not statistically associated with RNFL
birefringence values (total, superior, and inferior sectors).
Neither sex, HbAlc, and type of diabetes categorized in type
1 or 2 showed any statistically significant associations to
birefringence levels. Within the diabetes patients, a statisti-
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Ficure 3. The mean peripapillary birefringence values indicated on the y-axis in ° per pm (°/pm) of diabetic patients are significantly lower
in the inferior compared with the superior sectors (P < 0.0001) with no statistically significant difference between sectors in the healthy
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extend to the minimum and maximum, respectively.
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TaBLE 3. Peripapillary RNFL Thickness Indicated in ym in Healthy
and Diabetic Subjects; Healthy: 34 Eyes of 34 Patients, Diabetes
Without DR: 36 Eyes of 23 Patients, Mild/Moderate DR: 34 Eyes
of 25 Patients

Peripapillary RNFL Thickness Mean SD Median Q1 Q3

Healthy controls 114.4 12.8 115.0 108.4 124.7
Diabetes without DR 1184 9.5 1179 112.6 123.8
Mild/moderate DR 119.5 12.6 116.4 110.2 129.0

Q1, 25th percentile; Q3, 75th percentile; SD, standard deviation.

cally significant effect of age on birefringence total and supe-
rior could be observed in eyes with subclinical DR (total:
estimate [95% CIJ: —0.00042 [-0.00079; —0.00005], P = 0.028;
superior: estimate [95% CI]: 0.00041 [-0.00079; —0.00003], P
= 0.033), but not in eyes with mild or moderate DR (total:
estimate [95% CI]: —0.00002 [-0.0004; 0.00035], P = 0.90;
superior: estimate 0.00003 [-0.00035; 0.00041], P = 0.86) For
birefringence inferior, the slopes did not differ significantly
between the subgroups (subclinical DR, mild to moderate
DR) and the effect of age was statistically not significant
either (estimate [95% CI] adjusted for DR stage: —0.0026 [-
0.0006; 0.00008], P = 0.13). Within the controls, the effect
of age was statistically significant for birefringence total and
superior (estimate [95% CI]: -0.0003 [-0.0007; —0.00001], P =
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0.043; —0.0004 [-0.0007; —0.00004], P = 0.027, respectively)
with lower birefringence values with advanced age, but not
for birefringence inferior (P = 0.0950).

The mean peripapillary RNFL thickness in eyes with
subclinical DR was 118.4 + 9.5 pm, and in mild to moder-
ate DR 119.5 + 12.6 pm as assessed by PS-OCT. Healthy
control eyes had a mean RNFL thickness of 114.4 £+ 12.8 pm
(Table 3). We could neither detect any statistically significant
differences of RNFL thickness between diabetic and healthy
eyes nor within diabetic eyes in our study cohort (F-test: P =
0.46). This analysis was performed from the data obtained
with PS-OCT with all study subjects showing RNFL thick-
ness within normal limits on Spectralis OCT measurements,
which was an inclusion requirement. We further analyzed
the macular ganglion cell complex (GCC) consisting of RNFL,
GCL, and IPL in the foveal subfield, as well as in inner and
outer rings of the ETDRS grid. Retinal thickness was auto-
matically calculated in the nine ETDRS areas (consisting in a
central circular zone with a 1-mm diameter, representing the
foveal area and inner and outer rings of 3 and 6 mm diam-
eter, respectively). When performing comparisons between
our study groups, no statistically significant differences in
any of the three neuroretinal layers could be observed (F-
test: P values ranging from 0.062-0.78). Table 4 shows the
individual neuroretinal layer thicknesses in both healthy and
diabetic eyes.

TasLe 4. Retinal GCC Thickness of the Macular Area Indicated in pm in Healthy and Diabetic Subjects and Subdivided by ETDRS Locations
(Center, Inner Ring, Outer Ring); Healthy: 34 Eyes of 34 Patients, Diabetes Without DR: 36 Eyes of 23 Patients, Mild/Moderate DR: 34 Eyes

of 25 Patients

RNFL ETDRS Location Mean SD Median Q1 Q3
Healthy controls center 11.97 2.37 11.00 11.00 13.00
inner 21.47 1.78 21.25 20.50 22.50
outer 36.90 3.58 36.75 34.00 40.25
Diabetes without DR center 12.22 2.39 12.00 11.00 14.00
inner 21.92 1.92 22.00 20.75 23.25
outer 37.13 3.59 37.13 34.13 40.00
Mild/moderate DR center 13.12 2.42 13.00 11.00 15.00
inner 22.83 2.88 22.00 21.25 24.25
outer 38.58 4.84 38.25 34.50 40.75
GCL ETDRS Location Mean SD Median Q1 Q3
Healthy controls center 14.35 4.99 13.00 11.00 16.00
inner 51.34 4.04 50.42 48.25 54.50
outer 36.41 2.64 36.38 34.67 38.00
Diabetes without DR center 14.75 3.44 14.50 13.00 16.50
inner 50.67 5.08 50.63 47.75 53.63
outer 35.99 3.48 35.38 34.38 38.75
Mild/moderate DR center 16.55 5.93 16.00 12.00 18.00
inner 54.08 5.35 52.75 50.75 56.50
outer 38.08 4.05 38.25 36.00 39.75
IPL ETDRS Location Mean SD Median Q1 Q3
Healthy controls center 19.88 3.89 19.00 17.00 22.00
inner 41.58 2.71 41.50 39.25 44.00
outer 29.51 1.96 29.63 28.25 30.75
Diabetes without DR center 20.39 3.23 20.00 18.00 23.00
inner 42.00 3.43 42.13 40.13 44.13
outer 29.80 2.54 29.50 28.13 31.63
Mild/moderate DR center 22.27 4.94 22.00 19.00 24.00
inner 43.52 3.47 42.75 41.50 44.50
outer 31.04 2.85 31.25 29.00 32.75

Q1, 25th percentile; Q3, 75th percentile; SD, standard deviation.
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Di1scUSsSION

Diabetes is a multisystemic disease leading to neurodegen-
erative processes in a number of organs including the eye. In
this study, we determined the polarization properties of the
peripapillary region of diabetic and healthy eyes by PS-OCT
to measure birefringence introduced by the RNFL. Our study
revealed for the first time birefringence of the peripapillary
RNFL as a novel imaging parameter significantly reduced in
eyes of diabetics even without any clinically detectable signs
of DR and with normal RNFL thickness. The main advantage
of this technology is that both thickness and retardation data
are recorded concurrently by the same device and not sepa-
rately through conventional OCT and SLP. The within-subject
standard deviation and repeatability measures of averaged
RNFL birefringence values of the PS-OCT device used in our
study has recently been investigated in human eyes by Desis-
saire et al’® and showed excellent repeatability measure-
ments (precision of 0.005°/pm).

There is solid evidence of the critical role of neuroreti-
nal degenerative processes in the pathogenesis of DR by ex
vivo analyses showing the involvement of retinal ganglion
cell bodies and dendrites, which are visualizable by in
vivo OCT imaging through thinning of GCL and IPL3°
Consequently, associated axons may become apoptotic with
thinning of the RNFL.>” However, results regarding thick-
ness measurements of specific inner retinal layers in the
macular region of diabetic eyes with different DR stages
are inconsistent throughout the literature. There are stud-
ies showing evidence of GCL and IPL thinning in diabet-
ics’®3 even in the absence of any DR,>3%%" whereas
Verma et al.*' report thicker GCL layers in diabetic subjects
compared with healthy controls. Loss of RNFL in diabetic
eyes with no to minimal DR compared with controls was
shown,>#? with other studies demonstrating no differences
in diabetic eyes.?!¥> Macular thickness in diabetic patients
varies greatly with disease progression already in subclin-
ical stages and even more when macular edema develops.
Therefore macular evaluation in diabetic eyes should be
performed with caution as hyperglycemia might activate
intraretinal immune-mediated pathways leading to inflam-
mation with swelling of specific layers and masking of
neurodegenerative changes.! We meticulously analyzed OCT
scans of subjects for the presence of macular edema before
inclusion in our study, and additionally studied all available
medical records to rule out any previous fluid accumulation.
Analyses of the macular GCC in our study cohort revealed no
significant differences between healthy controls and diabetic
subjects with or without early DR stages in any of the
retinal GCC layers. The RNFL, GCL, and IPL findings for
diabetic eyes without DR and control groups are in line with
Vujosevic et al.,* yet they found significant reductions in
some parts of the outer ETDRS ring of diabetics without DR
compared with eyes with nonproliferative DR. As the peri-
papillary RNFL layer contains a considerably higher density
of axons compared with the macular region, it may consti-
tute a more appropriate location to evaluate neurodegener-
ative processes. To date morphologic evaluation consists of
RNFL thickness measurements and reductions in the aver-
age RNFL thickness of diabetic patients even without DR
were reported by several studies.*"*>4¢ In contrast, studies
by Ng et al.®* and Vujosevic et al.* showed that peripapil-
lary RNFL thickness was not significantly different between
diabetic eyes and healthy controls, including subjects with-
out signs of DR after age correction. Overall data currently
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available point to an early involvement of neurodegenera-
tion in the pathogenesis of DR with no distinct parameters
yet elucidated by conventional OCT imaging.

Previous studies showed that RNFL birefringence varies
across the entire ONH area in healthy subjects.?***¥ In
diabetic patients, mean birefringence values are lower in the
inferior compared with the superior sectors across our study
cohort independent of diabetes stage. The exact reason
why there is a regional variation of RNFL birefringence
in diabetic eyes is not known but may be due to thin-
ner sizes of axons in the inferior sectors, which are poten-
tially more vulnerable to degeneration under hyperglycemic
conditions. Another hypothesis is that minuscule intrareti-
nal fluid accumulation preferably in inferior sectors that are
not visualizable with current state-of-the-art imaging modal-
ities may cause a reduction of birefringence values. Interest-
ingly, also in glaucoma an increased vulnerability of inferior
as opposed to superior RNFL has been described.?’ Inter-
estingly, we could only detect borderline significant differ-
ences of birefringence levels between diabetics without DR
and with mild/moderate DR. This finding may be related
to a potential ceiling effect of the birefringence signal or
caused by other parameters, such as duration or levels of
hyperglycemia.

Detailed manual RNFL thickness measurements on scans
obtained by PS-OCT resulted in no statistically significant
thickness changes among our study population, which was
selected by normal RNFL thickness measurements by Spec-
tralis OCT, implying that the observed reduced birefrin-
gence values are independent of it. Based on findings from
glaucomatous neuropathy studies in a nonhuman primate
model, ganglion cell axon density may be altered before
a reduction of RNFL thickness*®* with comparable timely
sequences potentially occurring during the pathogenesis
of DR.

We could not find any correlation between birefrin-
gence reduction and diabetes duration, which ranged from
less than 1 year to 35 years in our study cohort. The
exact time of diabetes onset is often unknown as it
may precede the clinical diagnosis by years. Reductions
in RNFL birefringence were comparable in type 1 and
2 diabetic patients based on our mixed model calcula-
tions, which may not be obvious due to pathophysio-
logical differences between the two diabetes types with
type 1 diabetics presenting with lower plasma insulin
concentrations.>

Our study has several limitations. First, we did not
measure ocular axial length, which may influence RNFL
measurements.’’ However, the refractive error of our
patients was within a narrow range between +2 and -
3 diopters and no patient underwent refractive surgery. It
cannot be excluded that some of the controls also had type
2 diabetes as the disease may have a subclinical course
and HbAlc levels were unknown. However, the existence
of undiagnosed diabetes would most likely lead to underes-
timation of the difference of birefringence values between
patients and controls.

The capability of PS-OCT to provide precise quantita-
tive data on peripapillary RNFL birefringence might serve
as an early indicator of RDN. However, further studies
are needed and currently planned at our site based on
this pilot study with larger patient numbers to investi-
gate in particular the effect of diabetes duration, HbAlc
levels, and more advanced DR stages on birefringence
levels. Additionally, correlations between retinal sensitivity
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measured by fundus-controlled microperimetry and birefrin-
gence values are needed to study the relationship between
structural and functional deficits in preclinical DR eyes. If
the findings from our study can be confirmed, birefrin-
gence measurements may enable early detection of RDN
beyond the possibility of current state-of the art imaging
technologies.

CONCLUSIONS

This study provides a first description of peripapillary RNFL
birefringence as a novel imaging parameter significantly
reduced already in subclinical DR compared with healthy
controls. These results support the concept that diabetes
causes primary alterations to neuroretinal tissues before
microvascular damage occurs.
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