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ABSTRACT

Aims/Introduction: Diabetic polyneuropathy (DPN) and diabetic retinopathy (DR) are
traditionally regarded as microvascular complications. However, these complications may
share similar neurodegenerative pathologies. Here we evaluate the correlations in the
severity of DPN and changes in the thickness of neuroretinal layers to elucidate whether
these complications exist at similar stages of progression.

Materials and Methods: A total of 43 patients with type 2 diabetes underwent a
nerve conduction study (NCS), a macular optical coherence tomography, and a carotid
artery ultrasound scan. Diabetic polyneuropathy was classified according to Baba's classifi-
cation using NCS. The retina was automatically segmented into four layers; ganglion cell
complex (GCQ), inner nuclear layer/outer plexiform layer (INL/OPL), outer nuclear layer/pho-
toreceptor inner and outer segments, and retinal pigment epithelium (RPE). The thickness
of each retinal layer was separately analyzed for the fovea and the parafovea.

Results: Fourteen patients were classified as having moderate to severe diabetic
polyneuropathy. The thicknesses of the foveal and parafoveal INL/OPL increased in
patients with diabetic polyneuropathy compared with patients without. The thickness of
the parafoveal retinal pigment epithelium decreased in patients with diabetic polyneu-
ropathy. The thinning of parafoveal ganglion cell complex and foveal and parafoveal reti-
nal pigment epithelium were positively correlated with deterioration of nerve functions in
the nerve conduction study, but the thickening of INL/OPL was positively correlated with
the nerve function deterioration. The thinning of parafoveal ganglion cell complex and
foveal retinal pigment epithelium were positively correlated with the thickening of the car-
otid intima-media.

Conclusions: Depending on the progression of diabetic polyneuropathy, the ganglion
cell complex and retinal pigment epithelium became thinner and the INL/OPL became
thicker. These retinal changes might be noteworthy for pathological investigations and for
the assessment of diabetic polyneuropathy and diabetic retinopathy.
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INTRODUCTION

Among the many chronic diabetic complications and comor-
bidities, diabetic retinopathy (DR), diabetic polyneuropathy
(DPN), and diabetic kidney disease (DKD) are traditionally
regarded as the three major ‘microvascular’ complications'. Dia-
betic retinopathy, in particular — according to the conventional
hypothesis — is mainly caused by pathological angiogenesis, by
which newly developed vessels are immature, fragile, and easily
hemorrhagic. However, considering the fact that the site pri-
marily affected by diabetic retinopathy is the neuroretina, an
alternative hypothesis has been developed. As the neuroretina
has an intimate relationship with the vascular system, the con-
cept of a neurovascular unit, which was originally proposed in
the brain, has also been applied to the retina®. In this context,
a novel hypothesis has been proposed that the dysfunction of
the neurovascular unit prior to vasculopathy is one of the
pathological aspects of diabetic retinopathy™*. To support this
hypothesis, many researchers have reported that neural cell
death and thinning in the ganglion cell complex (GCC)
occurred from an early stage of diabetes, which existed before
the vascular changes® 2. Furthermore, in a rodent model of
diabetes, metabolic abnormalities in retinal neurons and glial
cells have been indicated".

Optical coherence tomography (OCT), which is a non-inva-
sive ophthalmic imaging technique, allows us to obtain three-
dimensional retinal volume data and high-resolution cross-sec-
tional images. As optical coherence tomography is non-invasive
and quick to perform, ophthalmologists generally use it for the
assessment and treatment of retinal diseases. Furthermore, a
correlation between the findings in optical coherence tomogra-
phy and the pathology of neurodegenerative diseases has been
pointed out; retinal neurodegeneration in Alzheimer’s dis-
ease'*'®, Parkinson’s disease'®, and mild cognitive impairment'”
have been reported. However, although various findings have
been accumulated to elucidate the pathology of diabetic
retinopathy based on the neurovascular unit hypothesis'® >,
the point of view that neurodegeneration in diabetic retinopa-
thy might be an aspect of another important diabetic complica-
tion of diabetic polyneuropathy has not been investigated fully.
Most previous reports about the relationship between diabetic
polyneuropathy and retinal neurodegeneration used non-quan-
titative physical findings of diabetic polyneuropathy, e.g., the
Neuropathy Disability Score (NDS), but not quantitative assess-
ments of diabetic polyneuropathy including a nerve conduction
study (NCS)*'*. In previous reports, thinning of the retinal
nerve fiber layer (RNFL) around the optic disc and partial thin-
ning in ganglion cell complex around the fovea were observed
with the progression of diabetic polyneuropathy*>**. Addition-
ally, Hafner et al** recently reported that the reduction of peri-
papillary retinal nerve fiber layer thicknesses was correlated
with quantitative findings of small fiber neuropathy, ie,
intraepidermal nerve fiber density and findings in the corneal
nerve fiber. As the retinal nerve fiber layer is composed of
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axons of retinal ganglion cells in the ganglion cell complex, or
third-order neurons in the neuroretina, it was indicated that
retinal neurodegeneration caused by diabetes might mainly
impair retinal ganglion cells.

However, retinal cells other than ganglion cells, including the
photoreceptor cells (the first-order neurons or paraneurons)
and the second-order neurons in the inner nuclear layer (INL)
have not been studied in depth as a component of neurodegen-
eration in diabetic polyneuropathy. Therefore, the magnitude of
neuroretinal impairment as a pathological aspect in diabetic
polyneuropathy is not yet clear. In this study, we aimed to eval-
uate the correlation between the degree of neurodegeneration
in the retina and the nerve conduction test, a quantitative test
of diabetic polyneuropathy. The changes in the thickness of
each retinal layer around the macula, which is expected to be
the best location to evaluate the neuroretina®, were elucidated
in detail using optical coherence tomography.

MATERIALS AND METHODS

Subjects

From 2018 to 2019, all patients who had been previously diag-
nosed as having type 2 diabetes mellitus and who were hospi-
talized at Aichi Medical University Hospital to improve their
hyperglycemia were invited to the study. Forty-three subjects
who signed a document of consent for the study were enrolled.
Exclusion criteria were patients having the following conditions:
macula edema, glaucoma, cataract that prevented satisfactory
retinal imaging, a history of retinal photocoagulation, a history
of intraocular pressure above 22 mmHg, Parkinson’s disease,
multiple sclerosis, diabetic ketoacidosis, severe infection, or sev-
ere injuries. The characteristics of the patients were assessed by
physical findings, sociodemographic information, and labora-
tory measurements including serum creatinine, serum urea
nitrogen, urinary albumin-to-creatinine ratio (u-ACR), urinary
liver-type fatty acid-binding protein, fasting blood glucose, gly-
coalbumin, glycosylated hemoglobin (HbAlc), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), and triglyc-
eride (TG). Diabetic nephropathy was categorized as stage 1-5
based on the classification of diabetic nephropathy established
in 2014 by the Joint Committee on Diabetic Nephropathy, in
which the estimated glomerular filtration rate (eGFR) and u-
ACR were employed for the staging”. The eGFR was calculated
using the equations for eGFR developed by the Japanese Society
of Nephrology”’. The carotid intima-media thickness (IMT),
plaque prevalence at the carotid artery, ankle-brachial index
(ABI), toe-brachial index (TBI), and brachial-ankle pulse wave
velocity (baPWV) were evaluated. The data of participants
without diabetes were collected retrospectively using an opt-out
approach. The characteristics of the patients without diabetes
were assessed by physical findings, sociodemographic informa-
tion, and laboratory measurements including serum creatinine,
serum urea nitrogen, casual blood glucose, total cholesterol, and
triglyceride. Study procedures were approved by the ethics com-
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mittee of Aichi Medical University Hospital (2017-H007). The
study was conducted in accordance with the Declaration of
Helsinki.

ocT

Optical coherence tomography images were obtained using a
commercial 70 kHz spectral domain OCT (RTVue XR Avanti,
Optovue Inc, Fremont, CA, USA) with a center wavelength of
840 nm and Angio Vue software (version 2017.1.0.155; Opto-
vue Inc). The 3 X 3 mm macular cube scan images centered
on the fovea were captured by certified photographers who
were unaware of the clinical backgrounds of each patient. The
macula lutea is anatomically and functionally divided into three
regions: the fovea, the parafovea, and the perifovea. As the
fovea contains the foveal avascular zone, whereas the parafovea
has the thickest neuroretina in the retina, the fovea and the
parafovea were analyzed separately. The thickness of each reti-
nal layer was measured along four radial lines and two circles
centered at the fovea based on the Early Treatment Diabetic
Retinopathy Study (ETDRS) grid”®. The inner zone, which was
the same as the center fovea subfield of the ETDRS grid,
including the fovea, was defined as within a 1 mm circle. The
outer region, or the parafoveal zone, was defined by the area
between an inner circle with a diameter of 1 mm and an outer
circle with a diameter of 3 mm (Figure la). The parafoveal
zone was divided into four sectors by the four radial lines:
superior, temporal, inferior, and nasal. The following intrareti-
nal layers were automatically generated, and their thickness
measured using the macular cube scans: full thickness of the
retina, ganglion cell complex, inner nuclear layer/outer plexi-
form layer (INL/OPL), outer nuclear layer/photoreceptor inner
and outer segments (ONL/ISOS), and retinal pigment epithe-
lium (RPE; Figure 1b).

Electroretinogram

The patients underwent an electroretinogram (ERG) using a
flicker ERG testing device RETeval  (LKC Technologies,
Gaithersburg, MD, USA) without mydriasis. A sensor attached
to the skin just below the eye was used to record the ERG.
Waves of ERG were elicited by white light at a frequency of
283 Hz and an intensity of 8 troland-seconds, which was the
default setting of the device. The contralateral eye was covered
during the examination of the other eye. The values of ampli-
tudes and implicit times were automatically displayed on the
device.

Diagnosis and differentiation of DPN

Neuropathic symptoms and signs were assessed using Michigan
neuropathy screening instrument (MNSI) scores® including
physical examinations, e.g., ankle tendon reflexes (ATR), and
measuring vibration sensations with a tuning fork. Subjects
were screened for neurological dysfunction of the peripheral
nervous system using the simple diagnostic criteria proposed by
the Diabetic Neuropathy Study Group in Japan as described

http://wileyonlinelibrary.com/journal/jdi
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Figure 1 | The map of macular regions and schema of macular layers.
(@) The map of macular regions. (b) The schema of macular layers.

previously™. The criteria consist of a prerequisite condition and
three neurological examination items. The prerequisite condi-
tion includes two items: (1) diagnosed as diabetes mellitus and
(2) neuropathies other than diabetic polyneuropathy can be
excluded. The criteria require any two or more of the following
three items: (1) the presence of symptoms considered to be due
to diabetic polyneuropathy, (2) decreased vibration in the bilat-
eral medial malleoli, and (3) the decrease or disappearance of
bilateral ankle tendon reflexes. Additionally, the criteria include
important references in which, if either one of the following
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reference items is met, even if the above criteria are not met,
diabetic polyneuropathy can be diagnosed: (1) presence of any
abnormality in two or more nerves in the nerve conduction
study, (2) presence of clinically apparent diabetic autonomic
dysfunction. However, in the protocol of the current study,
these two reference items were not applied due to the lack of
normal limits in each nerve conduction parameter and the lack
of definitions of autonomic dysfunction.

The nerve conduction study was conducted utilizing a stan-
dard electromyography system (Neuropack X1, MEB-2312;
Nihon Kohden, Tokyo, Japan). The NCS was carried out in an
air-conditioned electrically shielded room and performed by
trained technicians. The skin temperature was measured at the
ankle, and the foot was warmed with a hot towel before testing
when the temperature was below 32°C. The nerve conduction
study was performed on the median, ulnar, tibial, and sural
nerves. Clinical information for each subject was withheld from
all examiners. During interpretation, NCS parameters were used
to categorize diabetic polyneuropathy stages from 0 to 4 based
on Baba’s classification of the severity of diabetic polyneuropa-
thy (BC)’'. In brief, the subjects were divided into five stages;
stage 0: normal without any NCS abnormalities; stage 1: mild
neuropathy with the presence of any delay in tibial motor nerve
conduction velocity (<40 m/s), sural SNCV (<40 m/s), tibial
minimal F-wave latency (>{12.8 + 0.22 X Height (cm)} ms), or
presence of A-wave; stage 2: moderate neuropathy with a
decrease in sural SNAP amplitude <5 uV; stage 3: between
moderate to severe neuropathy with a decrease in sural SNAP
amplitude <5 pV and a decrease in tibial CMAP amplitude >2
to <5 mV; stage 4: severe neuropathy with a decrease in sural
SNAP amplitude <5 uV and a decrease in tibial CMAP ampli-
tude <2 mV.

The coefficient of variation of RR intervals (CVg.g)

The CVy was measured based on previously reported meth-
ods™. To analyze the CVp g, electrocardiogram recordings were
collected in the supine position with normal or deep breathing
for 1 min after 5 min of bed rest. The CVy_ was calculated as
follows:

CVRr_r (%) = (standard deviation of RR intervals)

/(mean RR intervals) x 100.

Statistical analysis

SPSS Statistics version 20 for Windows (IBM SPSS, Chicago,
IL, USA) was utilized for data analyses. Characteristics includ-
ing age, sex, chemical laboratories, physiological findings, and
NCS parameters were presented as raw data. Student’s t-tests
and chi-square tests with Yates™ correction were used for analy-
ses of differences in continuous and categorical variables,
respectively. Correlations between optical coherence tomogra-
phy parameters and other laboratory values were analyzed
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using Pearson’s correlation coefficients for normally distributed
data and Spearman’s correlation coefficients for non-normally
distributed data. The diagnostic validity was analyzed using a
receiver operating characteristic (ROC) curve and evaluated by
the area under the ROC curve (AUROC).

RESULTS

Clinical characteristics of patients

The demographic and clinical characteristics of the study sub-
jects are shown in Table 1. We enrolled 43 patients with a
mean age of 61.5 % 15.3 years. Based on Baba’s classification, 6,
20, and 17 patients were classified as having no DPN, stage 1
mild DPN, and stage 24 moderate or more severe DPN,
respectively. As the group with stage 0 DPN was too small for
statistical analyses, hereafter we analyzed the differences
between the group with stage 0 and 1 DPN and the group with
stage 2—4 DPN. There was no significant difference in the age
and body mass index (BMI) between patients with stage 2 or
more severe DPN or with stage 0 and 1 DPN (age: stage 0 and
1 DPN 59.0 = 16.3 years, stage 2 or more severe DPN 65.6
+ 122, P = 0.147; BML: stage 0 and 1 DPN: 25.5 + 4.9, stage 2
or more severe DPN 24.2 = 5.1, P = 0.439).

The changes in the thickness of retinal layers in patients with

stage 2 or more severe DPN

The patients with stage 2 or more severe diabetic polyneuropa-
thy showed deterioration of nerve conduction parameters in
nerves of upper and lower extremities (Table 2). The thick-
nesses of some retinal layers decreased in patients with diabetes:
foveal and parafoveal ONL/ISOS in patients with diabetes and
parafoveal retinal pigment epithelium in patients with stage 2
or more severe diabetic polyneuropathy. The thicknesses of
foveal and parafoveal INL/OPL increased in patients with dia-
betic polyneuropathy compared with patients with stage 0 and
1, but the thickness of parafoveal RPE decreased in patients
with diabetic polyneuropathy (Figure 2).

Correlations between thicknesses of retinal layers and
parameters of diabetes and its complications in the central
zone with the fovea

In the central zone with the fovea, the full thickness of the
retina positively correlated with height, systolic and diastolic
blood pressures (SBP, DBP), and minimal F-wave latency in
the tibial nerve; and negatively with sensory nerve conduction
velocity (SNCV) in the sural nerve (Tables S1 and S2). Gan-
glion cell complex thickness positively correlated with HDL, u-
ACR, and stage of diabetic retinopathy. The INL/OPL thickness
positively correlated with stage of diabetic retinopathy and
some nerve conduction parameters; and negatively with motor
nerve conduction velocity (MNCV) and sensory nerve action
potential (SNAP) in the median nerve. The ONL/ISOS thick-
ness positively correlated with diastolic blood pressure, and neg-
atively with maximal intima-media thickness in the common
carotid artery. The thickness of the retinal pigment epithelium
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Table 1 | Clinical characteristics of participants

Characteristics Participants without Patients with stage Patients with stage
diabetes 0or 1 DPN 2 or more severe DPN
N 15 26 17
Age (years) 657+ 75 590+ 163 656+ 122
Sex (men/women) 8/7 13/13 7110
Duration of diabetes (years) N/A 96+ 102 126+ 107
Height (cm) 1616+ 88 1617+ 76 1617+ 113
Body weight (kg) 599+ 9.1 682+ 155 639+ 170
Body mass index (kg/mz) 229+ 29 260+ 50 243+ 57
Fasting blood glucose (mmol/L) N/A 98+ 45 11.1+47
Casual blood glucose (mmol/l) 58+ 06 N/A N/A
Glycosylated hemoglobin (%) N/A 98+ 20 106+ 24
Glycosylated hemoglobin (mmol/moal) N/A 850+ 245 81.1£162
Glycoalbumin (%) N/A 245+ 6.1 261+ 64
Serum C-peptide (nmol/L) N/A 064+ 052 111+ 171
Urinary C-peptide (umol/day) N/A 196 £ 144 1711174
Total cholesterol (mmol/L) 539+ 0388 484+ 146 548+ 225
High-density lipoprotein (mmol/L) N/A 107 £ 040 122+ 062
Low-density lipoprotein (mmol/L) N/A 288+ 105 255+ 107
Triglyceride (mmol/L) 139+ 069 220+ 249 572+ 1277
Systolic blood pressure (mmHg) 136.7 = 185 1238+ 148 1466 + 21.8*
Diastolic blood pressure (mmHg) 839+ 13.1% 713+ 115 784+ 154
Urea nitrogen (mmol/L) 48108 5126 60% 30
Creatinine (umol/L) 614+ 147 644 + 280 1420 + 2669
Estimated glomerular filtration rate (mL/min/1.73 m?) 823+ 196 858 £ 300 80.1 £ 421
Diabetic retinopathy (NDR/SDR/PPDR/PDR) N/A 26/0/0/0 6/4/1/6
Diabetic polyneuropathy (0/1/2/3/4)" N/A 6/20/0/0/0 0/0/13/3/1
Diabetic nephropathy (1/2/3/4/5)* N/A 21317110 4/8/31/1

Categorical variables are given as number (percentage) while continuous variables are reported as mean + standard deviation. N/A, not available;
NDR, nondiabetic retinopathy; PDR, proliferative diabetic retinopathy; PPDR, preproliferative diabetic retinopathy; SDR, simple diabetic retinopathy.
*P < 005 compared with patients with stage 0 or 1 DPN. "Diagnosed and categorized based on Baba's classification on the severity of DPN. *Diag-
nosed and categorized based on the classification of diabetic nephropathy 2014 established by the Joint Committee on Diabetic Nephropathy.

positively correlated with the amplitude of electroretinogram,
SNAP in the median nerve, and compound muscle action
potential (CMAP) in the ulnar and tibial nerve; and negatively
with systolic blood pressure, HDL, stage of diabetic
retinopathy, stage of diabetic polyneuropathy using BC, IMT,
and baPWV.

Correlations between thicknesses of retinal layers and

parameters of diabetes and its complications in the parafovea
In the parafoveal zone, a full thickness of the retina positively
correlated with triglyceride and negatively with age and maxi-
mal IMT in the common carotid artery (Tables 3 and 4). The
thickness of ganglion cell complex positively correlated with
some nerve conduction velocity parameters; and negatively cor-
related with age, stage of diabetic retinopathy, stage of diabetic
polyneuropathy, and baPWYV. The thickness of INL/OPL posi-
tively correlated with the minimal F-wave latency in the tibial
nerve, and negatively with CMAP in the ulnar nerve and
SNCYV in the sural nerve. The thickness of ONL/ISOS positively
correlated with diastolic blood pressure, and CMAP in the

median nerve; and negatively with distal latency in the median
nerve. The thickness of retinal pigment epithelium positively
correlated with the amplitude of ERG, SNAP in the median
nerve, and SNCV and SNAP in the sural nerve; and negatively
with SBP, HDL, eGFR, stage of diabetic retinopathy, and stage
of diabetic polyneuropathy or stage 2< of DPN using BC. The
thickness of each layer appeared to show no evident difference
among quadrants, but INL/OPL at the inferior parafovea might
be sensitive to the changes of nerve conduction functions (Fig-
ure S1).

DISCUSSION

To elucidate the importance of neuroretinal impairment as a
pathological aspect in diabetic polyneuropathy, we evaluated
the correlation between the changes of thickness in layers of
the retina and the nerve conduction study. As a result, we
obtained three noteworthy results: first, the thickness of foveal
and parafoveal INL/OPL increased but that of parafoveal reti-
nal pigment epithelium decreased in patients with moderate
to severe diabetic polyneuropathy compared with patients
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Table 2 | Differences of retinal layer thicknesses between patients with stage 0 and 1 DPN and patients with stage 2 or more severe DPN

Measures Participants without  Patients with stage 0  Patients with stage 2 or P value between
diabetes (n = 15) or 1 DPN (n = 26) more severe patients with or without
DPN (n = 17) stage 2 or more severe DPN
The thickness of retinal layers (um)
The full thickness of the retina, F 271+ 38 265+ 17 277+ 29 0.152
The full thickness of the retina, P 336+ 24 325+ 14 327+ 25 0841
Ganglion cell complex, F 47+ 16 46+ 6 49+ 8 0206
Ganglion cell complex, P 111 +£19 10719 104+ 14 0415
INL/OPL, F 48+ 12 42+7 48+ 10 0.044
INL/OPL, P 72t 6 715 75+7 0.041
ONL/ISOS, F 133 & 1O%* ¥k 112+ 17 1M1 +16 0.799
ONW/ISQOS, P 99 4 20K Frk 82+ 11 83+ 11 0.802
RPE, F 49+ 2 48+ 3 46t 5 0.142
RPE, P 524 T¥¥* 512 49+ 5 0.023
Flicker electroretinogram
Implicit time (ms) N/A 3412 3611 0.118
Amplitude (V) N/A 59128 54127 0751
Nerve conduction study
MNCV, median nerve (m/s) N/A 547+ 32 493+ 34 <0.001
CMAP, median nerve (mV) N/A 140t 42 123151 0.295
SNCV, median nerve (m/s) N/A 483+ 6.1 423+ 54 0.004
SNAP, median nerve (uV) N/A 386+ 145 1611116 <0.001
MNCV, ulnar nerve (m/s) N/A 526+ 39 466t 29 <0.001
CMAP, ulnar nerve (mV) N/A 206+ 118 113+£82 0.014
SNCV, ulnar nerve (m/s) N/A 480+ 52 444+ 35 0.014
MNCV, tibial nerve (m/s) N/A 433+ 25 385+ 30 <0.001
CMAP, tibial nerve (mV) N/A 189+ 43 105+ 54 <0.001
Minimal F-wave latency, tibial nerve (ms)*  N/A 485+ 53 513+£74 0233
SNCV, sural nerve (m/s) N/A 481+ 45 396+ 50 <0.001
SNAP, sural nerve (uV) N/A 10250 15+£10 <0.001
Variability of R-R intervals
CVry resting (%) N/A 23+12 22+16 0.764
CVrp, deep breathing (%) N/A 45+ 30 3015 0.028
Parameters of diabetic nephropathy
eGFR (mL/min/1.73 m?) N/A 890+ 304 80.1 + 421 0495
u-ACR (mg/q) N/A 342+ 808 5774+ 1686.1 0.120
Ln(u-ACR) N/A 26t 1.1 39120 0.020
Parameters of atherosclerosis
Mean IMT (mm) N/A 108 = 047 149 + 064 0.047
Maximal IMT (mm) N/A 173+ 077 231+101 0077
Brachial-ankle pulse wave velocity (m/s) N/A 1659 £ 499 1733 £ 379 0609
Ankle-brachial index N/A 107 +£ 017 1111017 0516
Toe-brachial index N/A 068+ 0.16 064+ 0.14 0438

Variables are reported as mean x standard deviation. CMAP, compound muscle action potential; CVgs, coefficient of variation of R-R intervals; DPN,
diabetic polyneuropathy; eGFR, estimated glomerular filtration rate; F, central zone with the fovea; IMT, intima-media thickness; INL/OPL, inner
nuclear layer/outer plexiform layer; Ln, natural logarithm; MNCV, motor nerve conduction velocity; N/A, not available; ONL/ISOS, outer nuclear layer/
photoreceptor inner and outer segments; P, parafovea; RPE, retinal pigment epithelium; SNAP, sensory nerve action potential; SNCV, sensory nerve
conduction velocity, u-ACR, urine albumin-to-creatinine ratio. *Minimal F-wave latencies were corrected with height using the following formula:
height (cm)/160 X latency (s). Significant P values are shown in bold. **P < 0.05 versus patients with stage 0 or 1 DPN. ***P < 005 versus patients
with stage 2 or more severe DPN.

without or subclinical (stage 1) DPN; second, a decrease in  study; third, a decrease in the thicknesses of parafoveal gan-
the thickness of parafoveal ganglion cell complex and foveal glion cell complex and foveal RPE positively correlated with
and parafoveal retinal pigment epithelium positively correlated  an increase in the parameters of atherosclerosis and cardiovas-
with deterioration of nerve functions in the nerve conduction  cular risk factors.
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Figure 2 | The changes in thickness of retinal layers in patients with
stage 2 or more severe DPN. 0, 1: stage 0 and 1 diabetic
polyneuropathy (DPN) according to Baba's classification (BC). 2<: stage
2 or more severe DPN according to BC. GCC, ganglion cell complex;
INL/OPL, inner nuclear layer/outer plexiform layer; RPE, retinal pigment
epithelium. *P < 005 compared with stage 0 and 1 DPN.
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Although most previous papers have reported a decrease in
retinal thickness, especially the thickness in ganglion cell com-
plex, in patients with diabetes, we found an increase of INL/
OPL in patients with diabetic polyneuropathy. Additionally, in
the previous study in which the relationship between the pro-
gression of diabetic retinopathy and retinal layers was investi-
gated”, Joltikov et al. reported an increase of INL/OPL in
patients with moderate diabetic retinopathy. Although there is
a difference in that the current paper focused on neuropathy
and the previous paper focused on retinopathy, it can be said
that the reliability of the results is justifiable because similar
results were obtained in similar subjects. As the inner nuclear
layer consists of the cell bodies of horizontal cells, bipolar cells,
amacrine cells, interplexiform neurons, and Miiller cells, we
surmised that Miiller cells, the principal glial cell in the retina,
caused the increase of thickness in INL/OPL. In a previous clin-
ical paper, electron microscopic findings verified a reactive glio-
sis, which is a progressive transformation from the Miiller cell
phenotype to a poorly differentiated glial cell phenotype, and
the proliferation of glial cell processes in patients with dia-
betes*. Additionally, an animal experiment using an organ-
otypic culture of mouse retina clarified that Miiller cells in the
inner nuclear layer initiated their proliferation when induced by
retinal injury””. Although the details of molecular mechanisms
involved in the Miiller cell response to hyperglycemia have not
been thoroughly investigated, a previous paper indicated the
association of the advanced glycation end-products in Miiller
cells®. Considering these reports, the increase in the thickness
of INL/OPL might be generated by the reactive gliosis of
Miiller cells in the inner nuclear layer. Further research is
essential to understand the precise mechanism of the increase
in INL/OPL.

Our second finding, the decrease in the thicknesses of paraf-
oveal ganglion cell complex and foveal and parafoveal RPE in
patients with nerve conduction dysfunction, was consistent with
previous reports regarding the ganglion cell complex®**”. Thus,
the loss of ganglion cells, the third-order neurons in the neu-
roretina, could be evidence of neurodegeneration in patients
with diabetes. However, the change of retinal pigment epithe-
lium in patients with diabetes is less known. A recent paper
found an increase of thickness in RPE in patients with diabetes
compared with healthy subjects™®, but other papers reported no
significant change of RPE in subjects with or without dia-
betes®, or a decrease of RPE thickness in patients with diabetic
retinopathy compared with normal individuals*’. This discrep-
ancy might be introduced by differences of study participants,
insufficient scales of these studies, or differences of a built-in
automatic segmentation software used in each study; in fact,
the mean thickness of RPE distributed less than 20 pm to more
than 80 um in these studies. As RPE is the epithelial layer
between photoreceptors and vasculature in the choroid, forms a
blood-retinal barrier, and supports photoreceptor function by
providing growth factors*’ and daily phagocytosis®, dysfunc-
tion of RPE would promote retinal degeneration. In animal
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Table 3 | Correlations between retinal layer thicknesses and parameters of diabetic polyneuropathy in the parafoveal zone

Characteristics and measures Full thickness of the retina GCC INL/OPL ON/SOS RPE
Physical signs and symptoms of DPN
Presence of neuropathic symptoms' -0.114 -0216 0086 0063 —0.364*
Abnormal appearance of feet -0.003 —0.221 0.288 -0.197 —0.381*
Ulceration of feet 0200 0238 0238 —0.097 —0.121
Decrease or disappearance of bilateral ATRs —0.068 —0.241 0017 0.099 —0.036
Decreased vibration® -0082 —0.134 0.144 —0050 —0.145
MNSI questionnaire score —0.006 —0067 0251 0.112 0024
MNSI physical assessment score —0091 —0.208 0.142 0.005 —0.140
2<, MNSI physical assessment score —0020 —0.170 0.098 —0.040 —0.066
Existence of DPN diagnosed using SDCJ —0.060 -0.167 0028 0.101 —0.247
Nerve conduction study
MNCV, median nerve —-0019 0.089 —0224 0.167 —0.003
CMAP, median nerve 0171 0.102 —0.165 0.369* 0.123
Distal latency, median nerve 0.001 0.148 0235 —0.338* 0.025
SNCV, median nerve —0.068 0015 —0257 0.190 0.128
SNAP, median nerve 0.131 0.286 —0.257 0121 0.330*
MNCV, ulnar nerve 0049 0.305* —0.203 0.005 0.103
CMAP, ulnar nerve —0.132 0.170 —0.313* —0215 0259
Distal latency, ulnar nerve 0.139 —0.091 0.145 —0.050 —0.082
SNCV, ulnar nerve 0083 0.205 —0075 0.148 0.046
MNCV, tibial nerve 0210 0.317* —0.140 0.163 0.147
CMAP, tibial nerve 0281 0.493* —0.088 0.045 0270
Minimal F-wave latency, tibial nerve® 0273 0.102 0.337* 0074 —0063
A-wave, tibial nerve 0.049 0.090 0.133 -0227 0.059
SNCV, sural nerve —0.086 0.005 —0.330* —0.019 0.407**
SNAP, sural nerve —-0026 0079 —0.283 —0021 0.345%*
Stages of DPN using BC -0.179 —0.351* 0.196 -0016 —0.418**
Stage 2 < of DPN in BC —-0.105 —-0.263 0207 0015 —0.367*
Corneal confocal microscopy
Corneal nerve fiber density 0349 0403 0026 0.060 0.063
Corneal nerve branch density —0.058 -0.123 —0431 0309 —-0253
Corneal nerve fiber length 0333 0331 —0.154 0283 —0052
Corneal total branch density 0.059 0041 -0312 0306 -0.177
Corneal nerve fiber area 0.120 0073 -0076 0.243 -0.107
Corneal nerve fiber width —0.105 —0.184 -0.163 0.281 0024
Corneal nerve fractal dimension 0241 0.161 —0.199 0.290 —0.084
Variability of R-R intervals
CVrp resting —0.220 —0.142 —0.096 —0.158 0014
CVrp deep breathing —0.042 0039 0.086 —0.208 0023

Variables are reported as coefficients of correlation. 1: Bilateral numbness, pain, paresthesia, or decreased sensation in the tips of toes and bottom
of feet, 2: Decreased vibration in the bilateral medial malleoli, 3: Minimal F-wave latencies were corrected with height using the following formula;
height (cm)/160 X latency (s). Significant correlation values are shown in bold. ATRs, ankle tendon reflexes; BC, Baba's classification on the severity
of DPN; CMAP, compound muscle action potential; CVg g, coefficient of variation of R-R intervals; DPN, diabetic polyneuropathy; GCC, ganglion cell
complex; INL/OPL, inner nuclear layer/outer plexiform layer; MNCV, motor nerve conduction velocity; MNSI, Michigan neuropathy screening instru-
ment; ONL/ISOS, outer nuclear layer/photoreceptor inner and outer segments; RPE, retinal pigment epithelium; SDCJ, the simple diagnostic criteria
proposed by Diabetic Neuropathy Study Group in Japan; SNAP, sensory nerve action potential; SNCV, sensory nerve conduction velocity. *P < 0.05.

P < 001.

models of diabetes, a loss of structural integrity in RPE was also
verified”. We should perform further research focusing on the
changes in RPE in the future.

The third finding indicated that atherosclerosis and its risk
factors promoted the degeneration of the ganglion cell complex

and RPE in diabetic patients. Little is known about the relation-
ship between atherosclerosis or cardiovascular risk factors and
retinal thickness. Although it was reported that the thickness of
the retinal nerve fiber layer around the optic disc decreased in
patients with hypertension or increased IMT***, no report has
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Table 4 | Correlations between retinal layer thicknesses and parameters of diabetes and its complications except for diabetic polyneuropathy in the
parafoveal zone

Characteristics and measures Full thickness of the retina GCC INL/OPL ONL/ISOS RPE
Physical and social backgrounds
Age —0.434*%* —0.344* —-0.170 —-0.115 0.086
Sex —0.231 0008 —0.124 -0.182 —0254
Height 0.277 0.166 0.284 0.090 0054
Body weight 0.148 0.100 —0022 0087 0.334*
Body mass index 0017 0017 —0.189 0047 0.372*
History of smoking 0.172 0245 0.164 0054 0.063
History of cardiovascular diseases —0.030 0097 0.087 0019 —0073
History of peripheral artery disease 0.199 0236 0236 —0099 -0.123
Metabolic parameters associated with cardiovascular risks
Systolic blood pressure —0.020 -0.176 0240 0.119 —0.342*
Diastolic blood pressure 0212 —0063 0072 0.310* —-0.103
Total cholesterol 0204 —0015 0.178 0.137 —0213
Triglyceride (log) 0.354* 0252 0.168 0.264 0.005
High-density lipoprotein 0053 -0.186 0171 0065 —0.588**
Low-density lipoprotein 0.159 —0.021 0090 0.123 —0.093
Duration of diabetes —0.008 -0137 0042 0.104 —0.060
Glycosylated hemoglobin 0.164 0039 0.0% 0023 0011
Glycoalbumin 0.067 —-0041 0177 —0.192 0029
Fasting blood glucose 0.179 0.134 0278 —-0064 -0232
Serum C-peptide —0.300 —-0276 0.139 -0.166 -0.115
Urinary C-peptide, /day —0035 —0047 —0025 -0018 0.137
Parameters of diabetic nephropathy (DN)
Urea nitrogen —0.133 —0.249 0.124 0013 0075
Creatinine —0.252 —0.264 0172 —0.138 —-0074
eGFR 0.139 0237 0016 —0.003 —0.392*
Stages of DN —0.022 —0.380* 0.254 0.140 —0.140
Existence of DN 0.004 —0.359* 0.202 0.166 —0.163
Ln(u-ACR) 0061 —-0276 0.237 0034 —0.269
Urinary L-FABP/creatinine -0.167 —0.190 0203 -0.104 —0.088
Parameters of diabetic retinopathy (DR)
Stages of DR 0.140 —-0070 0.284 0.146 -0417*
Implicit time of electroretinogram —0465 —0385 -0033 —0.259 0.174
Amplitude of electroretinogram 0553 0558 0.134 0.056 0.640*
Carotid ultrasonography
Maximal IMT, common carotid artery —0.352* -0210 0.09 —0.251 —0.229
Maximal IMT, carotid bifurcation —0.184 —0097 0.105 —0.205 —0.046
Maximal IMT, internal carotid artery —0.099 0039 0.104 —0.049 —0.198
Mean IMT —0.261 —0.115 0.123 —0217 —0.169
Maximal IMT —0.298 —0.269 0069 —0.066 —0.229
Existence of plaque —0.298 —0.359* -0.116 —-0099 —0.163
Pulse wave analysis
baPWV —0.301 —0.374* —0.071 —0.062 —0.209
ABI 0087 0038 0.143 0123 —0.069
TBI 0025 —0052 -0214 0.187 0.064

Variables are reported as coefficients of correlation. Significant correlation values are shown in bold. ABI, Ankle-brachial index; eGFR, estimated
glomerular filtration rate; GCC, ganglion cell complex; IMT, intima-media thickness. baPWV, Brachial-ankle pulse wave velocity; INL/OPL, inner nuclear
layer/outer plexiform layer; L-FABP, liver fatty acid-binding protein; Ln, natural logarithm; ONL/ISOS, outer nuclear layer/photoreceptor inner and outer
segments; RPE, retinal pigment epithelium; TBI, Toe-brachial index; u-ACR, urinary albumin-to-creatinine ratio. *P < 0.05. **P < 001.

analyzed the neuroretinal layers around the macula with improving the RPE and choroid function in high-fat-fed
detailed segmentation. Regarding the change in RPE, the anti-  atherogenic rodents*® and in age-related macular degeneration
atherosclerotic drug statin was reported to be effective in  which has similarities in risk factors and pathogenesis with
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atherosclerosis®’. However, there is no report that directly sug-
gests a change in the thickness of RPE. Therefore, the current
study will be the first report indicating the relationship between
cardiovascular risk factors and changes in ganglion cell complex
and retinal pigment epithelium.

In the present study, we hypothesized that the neuroretina
may share a similar pathology to diabetic polyneuropathy. As the
hypothesis appears to be supported by the current results, in
which the decrease in the thickness of ganglion cell complex and
RPE correlated with the decrease of nerve conduction parameters.
However, as this study is cross-sectional, it is hard to speculate a
causal relationship between retina and neuropathy. Therefore, we
should consider conducting prospective studies with a larger
number of patients with diabetes and participants without dia-
betes. Additionally, the novel finding of an increase in the
thickness of INL/OPL in diabetic polyneuropathy patients should
be verified with large-scale and prospective trials.

In conclusion, depending on the progress of diabetic
polyneuropathy, the layers of the retina exhibited different
directional changes; the ganglion cell complex and RPE became
thinner and the INL/OPL became thicker. Although the mecha-
nism of the alterations is little known, the fact that the retina
changes with the progression of diabetic polyneuropathy will
increase the possibility of elucidating the pathology of diabetic
polyneuropathy and diabetic retinopathy. As the neuroretina
around the macula allows detailed observation of neuronal and
glial behaviors in the peripheral sensory tissue, close attention
to these retinal changes is possible, and might provide impor-
tant signs for the diagnosis and pathological investigations of
diabetic polyneuropathy.
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Table S1 | Correlations between retinal layer thicknesses and parameters of diabetic polyneuropathy in the central zone with the
fovea.

Table S2 | Correlations between retinal layer thicknesses and parameters of diabetes and its complications except for diabetic
polyneuropathy in the central zone with the fovea.

Figure S1 | A heat map representing coefficients of correlation between parameters of diabetes and its complications and the paraf-
oveal thicknesses of retinal layers.
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