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Abstract

Aim
To evaluate dependence of abnormalities in peripheral nerves and retina in children with

type 1 diabetes (T1D) using optical coherence tomography angiography (OCTA) and nerve
conduction studies (NCS).

Material and methods

50 adolescents with T1D without any signs and symptoms of diabetic retinopathy and
neuropathy (mean age 16.92+1.6 years, diabetes duration 6.88 +4.34years) were
included. In OCTA capillary plexuses superficial (SCP) and deep (DCP) vessel density:
whole, foveal and parafoveal, ganglion cell complex (GCC), loss volume focal (FLV) and
global loss volume (GLV) were analyzed in relation to NCS parameters (motor nerves
median and tibial potential amplitude (CMAP), velocity (CV), distal latency (DML) and F
wave and sensory nerves median and sural potential amplitude (SNAP), CV and distal
latency (DSL).

Results

We detected the correlations between median sensory SNAP and GCC (r=-0.3, p
<0.04), motor nerves tibial DML and CV and FLV (respectively r =-0.53, p<0.001, and r =
-0.34, p<0.05), and median DML and GLV (r=0.47, p<0.001). Vessel densities were
related to changes in motor nerves tibial velocity (whole SCP r = 0.43, p <0.01, parafo-
veal SCP r=0.41, p<0.01), CMAP (parafoveal SCP r =-0.35, p<0.03), median DML
(whole DC r = 0.36, p<0.03, foveal DCP r = 0.37, p<0.02) and in sensory median SNAP
(whole SCP r=-0.31, p<0.05).
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Conclusions

In adolescents with T1D without diabetic neuropathy and retinopathy we detected associa-
tions between NCS and OCT and OCTA parameters, regarding decreased GCC and den-
sity of superficial and deep vessel plexuses in relation to DML and CV and amplitudes of
sensory and motor potential.

Introduction

Type 1 diabetes (T1D) in children population is the third most common chronic disease, and
its incidence is still increasing. Diabetes is burdened by the risk of micro and macrovascular
complications. The most common of the microvascular ones is diabetic retinopathy (DR) and
concerns the majority of patients with long-standing type 1 diabetes mellitus [1]. Diabetic neu-
ropathy (DN) is very disabling, and silently developing complication. The lack of effective
treatment for DN highlights the importance of early diagnosis to prevent progression. While
in children symptomatic late complications of T1D are exceedingly rare, careful examination
might reveal disturbances. Pubertal status and the prepubertal duration of diabetes have strong
impact on extension of the complication risk [2, 3]. New imaging technologies have created
possibility to identify structural changes in retina, in preclinical status. Optical coherence
tomography (OCT) proved to be a tool enabling the reproducible and quantitative assessment
of the retinal layers, which currently remains the most precise method to measure retinal and
choroidal thicknesses in vivo. Optical coherence tomography angiography (OCTA) has proven
as a non-invasive tool, which enables reproducible, quantitative assessment of the retinal
microcirculation and seems to be an effective method in the detection of early microcircula-
tion disorders [4]. The aim of the study was to assess the relationship between potential abnor-
malities in neuroretina and retinal vessels and peripheral nerves function measured by nerve
conduction studies (NCS) in youths with T1D. We hypothesized that OCT'- derived parame-
ters could be useful in identifying patients who require appropriate examination of the neuro-
pathic complication of diabetes.

Materials and methods

It was a prospective, observational study in a group of adolescents with diagnosis of T1D based
on International Society for Pediatric and Adolescent Diabetes (ISPAD) criteria, treated with
insulin. The patients remain under control of the Clinic of Endocrinology and Diabetology of
Children’s Memorial Health Institute. A neurological assessment of adolescents over 15 years
has been proposed and performed on all persons under 18 years prior to transfer to an adult
clinic. Median, tibial and sural nerve conduction studies were performed in 55 individuals,
however in 5 persons tests were recorded in the other nerves, because of technical problems
and those data were excluded from the analysis. Finally the data of 50 adolescents were
included to the study (demographic data is summarized in Table 1). All children in the study
were of European descent. The study was approved by the Bioethics Committee Children’s
Memorial Health Institute in Warsaw and followed the tenets of the Declaration of Helsinki. A
written informed consent had been obtained from the patient’s legal guardians and from
patients over 16 years of age after explanation of the nature of the non-invasive study, before
the tests started. Inclusion criteria were previously recognized T1D, not in remission status, no
DN and DR, and assent agreement for participation. A modified neuropathy disability score
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Table 1. Characteristics of the patients with type 1 diabetes.

Investigative trait Mean SD Median Min Max
Age (years) 16.92 1.6 17.00 15 18
Diabetes duration (years) 6.88 4.34 6.6 0.02 15.33
Age at onset (years) 10.00 4.12 10.63 2.3 17.04
Weight (kg) 66.49 12.83 65.00 40.50 93.50
Height (cm) 172.14 9.47 171.50 157 191.50
BMI (kg/m2) 22.4 3.77 22.18 15.81 32.56
HbAlc current (%) 8.68 1.55 8.5 6.4 13.7
HbA1lc mean (%) 8.43 1.38 8.2 6.3 12.08

SD = standard deviation; BMI = body mass index; HbAlc = glycated hemoglobin Alc

https://doi.org/10.1371/journal.pone.0252588.t001

was used to diagnose diabetic peripheral neuropathy (DPN) [5, 6]. The modified neuropathy
disability score (NDS) was derived for neurological examination of vibration perception,
sharp/blunt sensation, temperature sensation using Neurotip device, and ankle reflexes using a
reflex hammer. A score 0 is given to normal response and 1 for abnormal response for each
individual test component, for each leg independently (total 10 points). A modified NDS >3
indicate on neuropathy, with higher scores indicating more severe disease [5]. Patients with
NDS < 3 were included in the study group (all patients had NDS = 0).

Exclusion criteria included the history of prematurity, any retinal pathologies, such as
hereditary retinal dystrophies, vitreoretinal diseases, myopia or hypermetropia (more than 3
diopters), history of uveitis. All patients underwent a general medical examination. In the
study group we did not identify any patients with diabetic retinopathy on fundus ophthalmos-
copy. No patient had symptoms and signs of DN and DR. None of the patients was affected by
system hypertension and renal dysfunction. Metabolic control was evaluated by glycated
hemoglobin Alc (HbAlc) current to the study, and mean value for whole diabetes duration
(minimum 4 tests per each year). OCT imaging (AngioVue, Optovue, Fremont, CA) was per-
formed after pupil dilatation (using tropicamide 1.0%). The standard GCC scan protocol,
which consists of one horizontal line with a 7 mm scan length and 15 vertical lines with a 7
mm scan length and a 0.5 mm interval centered at 1 mm temporally to the fovea, was used in
all the participants. The GCC analysis algorithm calculated automatically the GCC thickness
(defined as the distance from the internal limiting membrane to the outer boundary of the
inner plexiform layer) and enable the analysis of diffuse and focal GCC defects by calculating
global loss volume and focal loss volume. Ganglion cell complex (GCC) focal loss volume
(FLV) is an OCT parameter, which describes the percentage of focal ganglion cell complex loss
over the entire ganglion cell map. GCC global loss volume (GLV) is a measure of the average
ganglion cell complex loss over the entire ganglion cell complex map . .. All acquired images
were inspected, and if automatic segmentation errors occurred or resulted in measurement
artifacts, manual segmentation was performed. OCTA examination was performed using the
standard macular protocol. All of the eye scans were of a 3 x 3-mm scanning area centered on
the fovea. AngioVue automatically segments the area into four layers, including superficial
capillary plexus layer (SP), deep capillary plexus layer (DP), outer retinal layer and choriocapil-
laries. Vessel density is calculated as a percentage of the area containing blood vessels. In the
study the following parameters were evaluated: superficial capillary plexus (SCP) and deep
capillary plexuses vessel density (DCP): whole, foveal and parafoveal. The scans were taken for
both eyes and the data for the right eye was analyzed. Poor quality scans, with motion artifacts
or blurred images, were excluded from the analysis. OCT and OCTA results of the studied
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group were compared with the control group of healthy, age matched subjects (N = 21, mean
age 16,2+3), who were children of the hospital staff. The electrophysiological tests were done
for all patients by Sierra Summit electromyography machine (Cadwell), which permits the
storage of 16 F responses and the automatic calculation of the parameters. NCS were per-
formed with conventional neurolophysiological techniques using surface electrodes. Patients
were placed in supine position in relative relaxation, in room temperature between 22-24°C.
Extremities were warmed up to a surface temperature between 32-36°C. The simplified NCS
protocol for non-symptomatic patients was used. For each patient, the standard nerve conduc-
tion measurements were performed on tibial motor and sural sensory nerves in the right lower
extremity, and median nerve (motor and sensory) in the right upper extremity. Motor nerve
conduction velocity (MCV), compound muscle action potential (CMAP), distal motor latency
(DML) were determined in the motor nerves. Sensory nerve conduction velocity (SCV), sen-
sory nerve action potential amplitude (SNAP), and distal sensory latency (DSL) were deter-
mined in the sensory nerves (median- orthodromic stimulation; sural- antidromic
stimulation). Minimal latencies of F waves were determined for motor nerves (median and tib-
ial). The electrophysiological studies of all the 55 patients were performed by the same
physician.

Statistical analysis

The data was described by mean, median, standard deviation and minimal and maximum val-
ues. Values with normal distribution (checked using Shapiro-Wilcs test) were analyzed by
Pearson correlation, and those which were not normal in distribution, by Spearman rank R
correlations. Comparison of OCT parameters between studied and control groups were per-
formed using T-Student test or U- Mann-Whitney, dependently on normality of distribution.
A level p<0.05 was recognized as statistically significant. Tests were performed using TIBCO
Software Inc. (2017) Statistica version 13 StatSoft Company.

Results

The characteristics of the T1D group are summarized in Table 1. The T1D and control groups
were not different in OCTA parameters except parafoveal SCP (Table 2). In the study group of
youths with T1D, five persons have abnormal NCS in tibial nerve (defined as minimum two
parameters above norms) and 1 in sensory median (one nerve in each case).

Table 2. Comparison of OCT and OCTA parameters between T1D and control groups.

T1D group Control group p level
GCC (um) 98.76+6.1 98.28+6.5 p=0.7
FLV (%) 0.22+0.2 0.25+0.2 p=0.6
GLV (%) 1.3+1.5 1.9+2 p=0.2
FAZ (mm?) 0.2620.1 0.260.07 p=07
Whole SCP (um) 51.1+2.2 52.3+2.3 p=0.1
Foveal SCP (um) 32.244.5 31.2+4.1 p=04
Parafoveal SCP (um) 52.5%2.5 54.6+2.2 p<0.005
Whole DCP (um) 58.02+1.7 55.1+1.3 p=0.1
Foveal DCP (um) 31.9+4.8 30.1+3.8 p=0.4
Parafoveal DCP (um) 60.5+ 1.7 61.6+2.5 p=0.1

GCC- ganglion cell complex, GLV- global loss volume, FLV- focal loss volume, FAZ- foveal avascular zone, SCP
-superficial capillary plexus vessel density, DCP- deep capillary plexus vessel density.

https://doi.org/10.1371/journal.pone.0252588.t1002
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We detected correlations between sensory median action potential and GCC (r =-0.3, p
<0.04), distal motor tibial latency and velocity and FLV (respectively r = - 0.53, p <0.001, and
r = - 0.34, p <0.05) and median DML and GLV (r = 0.47, p <0.001). Vessel densities were
related to changes in motor nerve tibial parameters—velocity (whole SCP r = 0.43, p <0.01,
parafoveal SCP r = 0.41, p <0.01), and with CMAP (parafoveal SCP r = - 0.35, p <0.03), with
sensory median SNAP (whole SCP r =-0.31, p <0.05,), and with median DML (whole DC—

r =0.36, p <0.03, foveal DCP r = 0.37, p <0.02). When we analyzed the dependencies between
demographic and metabolic parameters, we observed correlation between diabetes duration
and FAZ (r = 0.29, p < 0.05), and sural CV (r = - 0.4, p < 0.003), current HbAlc and whole
SCP (r = -0.4, p <0.01), and parafoveal SCP (r = - 0.37, p < 0.02), and mean HbAlc and sural
CV (r=-0.38, p < 0.005). Age at the time of the study correlated with GCC (r = 0.3, p < 0.05),
GLV (r =-0.38, p < 0.01), parafoveal DCP (r = - 0.32, p < 0.05), as well as sural DSL (r = 0.3,
p < 0.03),and CV (r = - 0.36, p < 0.01).

Discussion

In the study group of adolescents (close to maturity) patients with T1D without DR and
DPN, we did not observe differences in OCTA results compared to the control group. How-
ever, we revealed significant correlations between function of peripheral and quasi periph-
eral nervous system, as neurons of retina. Various studies reported neural tissue loss, in
particular retinal ganglion cells, apoptosis of retinal glial and neural cells and decreased
thickness of inner retinal layers before DR becomes clinically detectable [7, 8]. The exact
mechanism for inner retinal loss is not clear and some authors investigated the relationship
between DN and retinal tissue thickness [9, 10]. There is controversy about the exact mech-
anism of DN development in patients with T1D. Several papers have identified disturbances
in the inner retinal layers of patients with DR or with minimal DR, what suggest that neu-
roretinopathy could precede microvascular changes [11-13]. However, DN is thought to be
characterized by ischemia, and a close link of long-standing diabetes, and both neural and
vascular dysfunction has been previously established [14, 15]. Loss of GCC could be a con-
sequence of neuronal damage induced by hyperglycemia or ischemia, oxidative stress,
polyol pathway damage or elevated level of glutamate [16]. Most reports reveal that the ret-
ina becomes thinner in DR [17, 18]. In our previous study we confirmed these results, as
there were significant differences in parafoveal thickness (PFT) between the diabetic and
healthy groups [19]. However, the decreased PFT was not related to the decreased GCC
thickness in our group of T1D patients. We agree with Srinivasan et al., who hypothesise
that microglial changes, which can occur prior to neuronal cell death may be the reason of
decreased PFT and thinner parafovea may precede detectable changes in neuroretinal layer
thickness [20]. Due to our previous findings, we did not take PFT into analysis now [21]. In
our study GCC was significantly and strongly associated with median SNAP. Srinivasan

et al. found significantly higher FLV and GLV in patients with diabetic neuropathy com-
pared to those without neuropathy and the control group [20]. Abnormal FLV was observed
in a larger part of patients with diabetes complicated by DPN. In our study we observed cor-
relation between FLV and tibial CV and DML. Srinivasan observed enlarged GLV depend-
ing on age [20]. Our study group was rather homogenous in age, but we observed age
correlations with GCC and GLV. In our previous analysis we did not detect any correlations
of GCC, GLV, FLV and age, age at onset and diabetes duration [19]. In our group mean
HbA1lc correlates only with sural nerve conduction velocity, but not with any of the OCT
parameters. We observed significant correlation between current HbAlc and whole and
parafoveal SCP. In this study group FAZ correlated with diabetes duration, what was not
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observed in our previous studies [21]. Electrophysiologic studies conducted by Karsidag

et al. in patients with recently diagnosed type 1 diabetes (under 1 year of diabetes duration,
poor metabolic controlled, mean HbA1lc 9,1%, and all on basal-bolus therapy) revealed
abnormal values of 86,7% sural nerves, 83,3% peroneal, 73,3% posterior tibial and 66,7%
median nerves [22]. The most frequently abnormal parameter in nerves was distal latency,
and F wave latency and conduction velocity. In our group abnormal were only 10% of pos-
terior tibial and 2% of sensory median nerves, and the most frequent parameters were distal
latency of tibial nerve and CV of sensory median nerve. Conduction velocity varies with
diameter of nerve fiber, thickness of the myelin sheath, distance between Ranvier nodes and
length of nerve [23]. Electrodiagnostic parameters are also related to number of axons,
extend of demyelination, axonal resistance and could revealed conduction block. Electro-
physiologic studies suggested that for DN axonal changes are characteristic, which results
predominantly in decreasing of potential amplitude, but also segmental demyelination and
remyelination which effect disturbances in conduction velocities and distal latencies in
some cases [23]. Lee et al. showed after 5 year observation of children with T1D significant
diminishing of CMAP of median, ulnar and posterior tibial nerves, but not in peroneal and
SNAP of median and sural sensory nerves but not in ulnar [24]. However, both in our
group and in the Karsidag et al. study increase of CMAP and SNAP during the first years of
diabetes was observed [22]. Also, in Parano et al. study on population of healthy children
potential amplitude of every tested nerves increase proportionally according to age [25].
Potential amplitude is very fragile parameter, which could be easily perturbed. This parame-
ter is influenced by many factors as temperature of skin and room, humidity, patient hydra-
tion, and many else. Low temperature of tested extremities decreases conduction velocities
and increases amplitude. Therefore, in the study the extremities were warmed up. In our
analysis we observed significant correlation between parameters of ganglion cell complex
(GCC, FLV and GLV) and parameters of nerve function, especially median and tibial poste-
rior. In this group of adolescents without DN and DR, the most significant was coincidence
of changes in median distal motor latency and GLV, and tibial conduction velocity and
FLV. Matanovic at al. also detected the most sensitive for glucose fluctuations distal laten-
cies of tibial nerve, even though they tested patients in mean 43 day after diabetes diagnosis
[26]. There was previously noticed that the best indicator of neuropathic changes was F-
wave latencies, what was not observed in our group.

There are some limitations of the study. This was a single-centre study, involving a lim-
ited number of older adolescents. We did not perform corneal confocal microscopy, which
would be higher specific comparator for OCT results, but we were interested in associations
between the peripheral nervous system and the parameters of the function of the cranial
nerve, which is the optic nerve. Our results have indicated the value of OCT and OCTA in
monitoring the progress of neurodegeneration in individuals with T1D and can be used as
an imaging bioindicator to assess DPN progress or preventive effects of therapies. To our
knowledge this is the first such analysis of adolescents with type 1 diabetes. Such diagnostic
is particularly important in the detection of subclinical forms of neuropathy, when changes
are still mostly reversible and when rapid and good metabolic control can still influence the
patient improvements. However, further cross-sectional studies are needed to provide data
on the progress of these disorders.

Supporting information

S1 Data.
(XLSX)
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