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Letter to the Editor
A two-year longitudinal observational study of the peripapillary microvasculature in pediatric type 1
diabetes mellitus patients without visual impairment or diabetic retinopathy
Dear Editor,

Our research embarked on a detailed investigation of the peripapil-
lary microvasculature in pediatric Type 1 Diabetes Mellitus (T1DM) pa-
tients, a demographic often overlooked in diabetic retinopathy research.
Over the course of two years, we meticulously monitored these patients
using Optical Coherence Tomography Angiography (OCTA). Our results
revealed significant changes in the peripapillary microvasculature,
indicating early microvascular impairment that could precede diabetic
retinopathy (Fig. 1).

1. Introduction

Approximately 5 million children worldwide have type 1 diabetes
mellitus (T1DM), and this number increases by 80000 people per year.1

Diabetic children have a younger age of onset and a longer survival
period than adult DM patients; almost all of them develop diabetic reti-
nopathy (DR) by the time their DM duration reaches 20 years. DR is the
most common microvascular complication in DM patients and the lead-
ing cause of blindness and vision loss in working-age people.2,3 DR causes
fundus hemorrhage, macular edema, neurodegeneration and a series of
ocular complications, which significantly harm patients’ quality of life
and increase the burden on society.4

Recently, there has been increasing evidence of neurodegeneration
preceding microcirculatory deterioration, making DRmore than a simple
microvascular disease.5–7 DM patients without clinical signs of DR
already had glial cell apoptosis and a thinner retinal nerve fiber layer
(RNFL) thickness.8 Zhang et al.9 reported that the decrease in peri-
papillary vessel density occurs earlier than the decline in RNFL thickness
among type 2 DM patients without clinical signs of DR, and they spec-
ulated that peripapillary microvascular abnormalities in the peripapillary
region may affect the normal metabolism of neurons and eventually
aggravate the process of DR. Previous studies reported that adults and
children with DM had lower macular and peripapillary vessel density
than healthy individuals, which held true regardless of whether the DM
patients presented clinical signs of DR.10,11 In 2018, our research group
established the Shanghai Children and Adolescent Diabetes Eye (SCADE)
study cohort and began a case–control study,12 which compared the
superficial capillary plexus between T1DM children without DR and
healthy children. The case–control study revealed that T1DM children
had reduced vessel density in the macular area and no significant dif-
ference in the peripapillary area compared with healthy children, indi-
cating that the participants with short diabetes durations were still in the
early stage of preclinical DR. The longitudinal alterations in peripapillary
microcirculation among DM children without DR are meaningful; in this
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manner, the relationship between peripapillary microvascular abnor-
malities and preclinical DR progression could be revealed, and metrics
for detecting and monitoring the preclinical DR can be discovered. To
date, longitudinal observational studies of the peripapillary microcircu-
lation and microvasculature among T1DM children have not been con-
ducted. At present, direct observation of retinal vasculature has become
extremely convenient due to the novel noninvasive technique known as
optical coherence tomography angiography (OCTA).13 Previous OCTA
studies usually employed only vessel density to describe the blood flow in
the retina. However, RK Wang, using an optical microangiography
(OMAG) algorithm, developed a series of quantitative parameters that
comprehensively reflect the retinal microcirculation and microvascula-
ture.14 This study was designed to observe longitudinal alterations in the
peripapillary microcirculation and microvasculature through OCTA
among T1DM children from the SCADE cohort for 2 years. We used the
following quantitative parameters to describe the superficial capillary
plexus (SCP) and the deep capillary plexus (DCP) in the peripapillary
area: vessel diameter index (VDI), vessel area density (VAD), vessel
skeleton density (VSD), vessel perimeter index (VPI), vessel complexity
index (VCI), flow impairment region (FIR) and flux index (FI). This study
aimed to provide new information for the future prevention and treat-
ment of DR in children and adolescents.

2. Materials and methods

This was a 2-year longitudinal observational study. The participants
were children with T1DM who belonged to the SCADE cohort (clinicalt
rials.gov identifier: NCT03665090) in January 2019 and returned for
follow-up in January 2021 at Children's Hospital affiliated with Fudan
University in Shanghai and Shanghai Eye Hospital. This study conformed
to the guidelines presented in the Declaration of Helsinki. After the
participants' guardian completed a written consent form, the participants'
examinations were performed with the accompaniment of their
guardians.
2.1. Patient selection

The inclusion criteria were as follows: (1) diagnosis of T1DM (ac-
cording to the World Health Organization diagnostic criteria)15; (2) age
under 18 years; (3) ability to cooperate in all examinations in this study;
(4) best-corrected visual acuity no less than 20/25 in both eyes; and (5)
no refractive medium opacity. The exclusion criteria were as follows: (1)
diagnosis of DR (based on the international DM classification criteria)16;
(2) presence of eye diseases that may hinder OCTA examination, such as
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Fig. 1. Typical change of the peripapillary blood
circulation after a two-year follow-up. (A-C) Peri-
papillary OCTA images (6mm * 6mm, OCTA scans)
acquired in 2019. (D-F) Peripapillary OCTA images
(6mm * 6mm, OCTA scans) acquired in 2021. (A) and
(D) shows the superficial capillary plexus, (B) and (E)
shows the deep capillary plexus. (C) and (F) are the
magnification picture of partial deep capillary plexus,
the red arrows indicate a vessel with normal
morphology in 2019 showed some tortuosity in 2021.
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eyelid disease or strabismus; (3) presence of eye diseases that may induce
retinal vasculature alterations, such as macular disease and glaucoma; (4)
history of eye injuries or surgeries; and (5) systemic diseases other than
DM.
2.2. Eye examination and acquisition of OCTA images

Comprehensive eye examinations included the following: (1) Sub-
jective best-corrected visual acuity and refraction were measured under
full mydriasis with cyclopentolate (1 %, Alcon, administered 3 times at 5-
min intervals). A log MAR visual acuity chart was used. Refraction was
measured by an automatic refractometer (KR-8900, Topcon, JAPAN). (2)
Examinations of the eyelid, conjunctiva, cornea, anterior segment, iris,
pupil, and lens were performed with a slit lamp (SL130, Zeiss, Germany),
and fundus examination was performed with a noncontact lens (90D,
Ocular, US). (3) Fundus photography centered on the optic nerve head
and macula was performed with a digital fundus camera (AFC-210,
16
NIDEK, Tokyo, JAPAN). (4) Intraocular pressure was examined with a
noncontact tonometer (NT-530P, NIDEK, Tokyo, JAPAN). (5) Axial
length, anterior chamber depth, cornea thickness, cornea diameter and
lens thickness were measured with an IOL Master 700 (Carl Zeiss Med-
itec, Dublin, CA). (6) SS-OCT (Triton, Topcon, Tokyo, JAPAN) was used
for examination of the posterior fundus. (7) OCTA examination (Cirrus
HD-OCT 5000 angiography system, Carl Zeiss Meditec, Inc.) was per-
formed with a 6 mm * 6 mm scan pattern centered on the optic nerve
head. After the acquisition was finished, the built-in software of the
Cirrus 5000 system automatically segmented the retina tissues into the
SCP and the DCP. The SCP ranges from 3 μm beneath the inner limiting
membrane to 15 μm beneath the inner plexiform layer. The DCP ranges
from 15 μm to 70 μm beneath the inner plexiform layer. The OCTA im-
ages of the DCP were processed by the built-in projection removal tool to
clear the projection of the above large vessels. When OCTA images had
low signal intensity (less than 8/10) or contained overlap or artifacts,
they were disqualified and excluded from the database. The analysis area



Table 1
Basic and ocular parameters of all participants.

2019 N ¼ 30 2021 N ¼ 30

Basic parameters
Age, years 10.93 � 2.78 12.93 � 2.78
Gender, % 11 Males, 36.67%
DM duration, years 5.43 � 2.67 7.43 � 2.67
HbA1c% 7.08 � 1.76 7.91 � 1.54
Systolic pressure, mmHg 110.04 � 14.30 114.60 � 14.47
Diastolic pressure, mmHg 71.79 � 12.09 66.10 � 10.94
Height, m 1.47 � 0.17 1.57 � 0.13
Weight, kg 42.61 � 14.01 51.60 � 13.07
BMI, kg/m2 19.08 � 2.44 20.55 � 2.47

Ocular parameters
SER, diopter �1.65 � 2.44 �2.60 � 2.62
BCVA �0.01 � 0.04 0.003 � 0.02
IOP, mmHg 16.01 � 2.28 15.52 � 3.38
Cornea endothelium count 3074.14 � 296.40 2979.57 � 433.64
Cornea thickness, μm 557.52 � 26.17 543.37 � 35.83
White-to-white, mm 11.96 � 0.42 9.48 � 2.23
Axial length, mm 23.97 � 1.04 24.51 � 1.04
Anterior chamber depth, mm 3.19 � 0.29 3.72 � 0.24
Lens thickness, mm 3.48 � 0.21 3.45 � 0.18
With DR, 0% 0, 0% 0, 0%

DM ¼ diabetes mellitus; HbA1c ¼ hemoglobin A1c; BMI ¼ body mass index; SER
¼ spherical equivalent refraction; BCVA ¼ best-corrected visual acuity; IOP ¼
intraocular pressure; DR ¼ diabetic retinopathy.
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was an annular zone bordered by two rings centered on the optic disc: the
inner ring (a circle with a diameter of 1 mm) and the outer ring (a circle
with a diameter of 6 mm). The quantitative analysis process was per-
formed using the OMAG algorithm in MATLAB (R2020a, MathWorks,
Inc., Natick, MA, USA). The superior, inferior, temporal, and nasal
quadrants were analyzed separately.

2.3. Blood circulation indices

The quantitative blood circulation indices calculated by the OMAG
algorithm are as follows14: (1) The VDI is calculated by using both the
vessel area map and the skeletonized vessel map to find the average
vessel caliber; the larger the VDI, the larger the average vessel caliber is.
(2) VAD is calculated as a unitless ratio of the total image area occupied
by the vasculature to the total image area in the binary vessel maps; an
increase in VAD indicates an expansion of the blood flow area. (3) VSD is
calculated as the ratio of the length occupied by the blood vessels to the
total area in the skeletonized vessel map; an increase in VSD indicates an
increase in the total quantity of blood vessels. (4) The VPI is calculated
using the vessel perimeter map as the ratio of the vessel perimeter to the
total area of the OCTA image; it incorporates both the length and the
diameter and is similar to VAD. (5) The VCI is calculated using both the
vessel perimeter map and the vessel area map; it is used to describe
vascular tortuosity, and its value increases when vessels showmore chaos
and morphological abnormalities. (6) The FIR represents the size of the
area with impaired blood flow. (7) The FI is defined as the total number
of particles across the imaging voxel cross-section per unit time.

2.4. Statistical analysis

All data analyses were performed by SAS 9.4 (Cary, NC). This study
selected the participants’ left eyes for statistical analysis. All measure-
ment data are described as the mean � standard deviation, and all
enumeration data are described as frequencies and percentages. All
measurement data were tested for normality using the Kolmogor-
ov–Smirnov test. As for the comparison between the baseline values in
2019 and the follow-up values in 2021, variables that followed the
normal distribution were compared using a paired t-test, and variables
with nonnormal distributions were compared by the Wilcoxon rank-sum
test. The relationships between the relative changes in the blood circu-
lation indices (change value/baseline value) and the individual de-
mographic and ocular parameters in Table 1 were studied through
Pearson correlation analysis, and the statistically significant parameters
were selected for further regression analysis. In the multiple regression
analysis, the relative changes in the blood circulation indices were
selected as the dependent variables, and the statistically significant pa-
rameters as described above were selected as independent variables. P <

0.05 indicates statistical significance.

3. Results

Forty children in the SCADE cohort presented for examinations in
both 2019 and 2021; of these children, 10 were excluded due to poor
image quality. The results of the physical examinations and ocular ex-
aminations of all participants are shown in Table 1. Of the 30 enrolled
participants, 11 (36.67%) were males. All had a best-corrected visual
acuity of no less than 20/25. As of 2019, the average age of all partici-
pants was 10.93 � 2.78 years, and the average duration of diabetes was
5.43 � 2.67 years. During the 2-year follow-up period, all participants
underwent repeated slit-lamp examination (assisted by a noncontact 90 D
lens), fundus photography, and SS-OCT; in these examinations, no
participant was found to present clinical signs of DR, including retinal
angiographic abnormalities, fundus hemorrhage and other retinal
microvascular anomalies, which indicated that the subjects in this study
were still in a relatively early stage of preclinical DR.
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In the SCP, some of the peripapillary blood circulation indices
significantly changed at follow-up compared with the baseline (Table 2).
The VDI showed a tendency to increase. The inferior and nasal VDI
significantly increased, indicating that the average vessel caliber
increased in these 2 quadrants. There was no significant change in the
VDI of other quadrants. The VAD showed a tendency to decrease. The
superior VAD significantly decreased, indicating that the superior
quadrant had a reduced blood flow area. The VAD of the other quadrants
did not show a statistically significant change. The VSD showed a ten-
dency to decrease. The VSD of the nasal, superior, and inferior quadrants
decreased significantly, indicating that the numbers of blood vessels in
these quadrants dropped. There was no obvious change in the VSD of the
temporal quadrant. VPI also showed a tendency to decrease. The VPI of
the superior and nasal quadrants decreased significantly, indicating that
there was a decrease in the blood flow area. The VPI values of the other
quadrants did not show any marked differences. There was no significant
change in VCI, FIR or FI. In summary, the VAD, VSD and VPI were all
distinctively decreased, indicating that the blood flow area and the
number of blood vessels decreased at the same time. Under this
circumstance, the increase in VDI was more likely to represent the
decrease in the numbers of vessels with a relatively small caliber, also
known as a closure of these vessels. In the SCP, the superior and nasal
peripapillary areas are the quadrants most vulnerable to vessel density
change. The normal morphology of vessels, the flow impairment size and
the flow of the SCP were not affected in this study.

In the DCP, most peripapillary blood circulation indices significantly
changed at follow-up compared with the baseline (Table 3). The VDI
showed a tendency to decrease. The VDI of the overall, inferior and
temporal regions significantly decreased, indicating that the average
vessel caliber decreased in these areas. There was no significant change
in the VDI of other quadrants. The VAD showed a tendency to decrease.
The VAD significantly decreased in all quadrants except the nasal
quadrant, indicating that these areas had a smaller blood flow area. The
VSD showed a tendency to decrease. The VSD of all quadrants decreased
significantly, and the extent of the decrease was most distinctive in the
temporal and nasal quadrants, indicating that the number of peripapil-
lary blood vessels dropped. The VPI also showed a tendency to decrease.
The VPI of the superior, nasal and temporal quadrants decreased signif-
icantly, indicating that there was a decrease in the blood flow area in
these quadrants. The VPI of the inferior quadrant did not show a distinct



Table 2
The peripapillary blood circulation indices in the superficial capillary plexus in 2019 and 2021.

Parameters 2019 2021 Change Rate t value P value

Vessel Diameter Index (VDI)
Overall 23.07 � 0.41 23.12 � 0.29 0.19% 0.8 0.4274
Nasal 23.11 � 0.45 23.31 � 0.42 0.89% 2.32 0.0277
Superior 23.35 � 0.39 23.54 � 0.59 0.78% 1.97 0.0582
Temporal 23.73 � 0.60 23.73 � 0.52 0.01% 0.02 0.9812
Inferior 23.37 � 0.36 23.59 � 0.61 0.94% 2.65 0.0130

Vessel Area Density (VAD)
Overall 0.57 � 0.17 0.57 � 0.38 �0.61% �1.07 0.2955
Nasal 0.59 � 0.03 0.58 � 0.02 �0.88% �1.01 0.32
Superior 0.64 � 0.02 0.63 � 0.02 �1.88% �3.18 0.0035
Temporal 0.60 � 0.02 0.59 � 0.02 �1.01% �1.53 0.1375
Inferior 0.63 � 0.02 0.62 � 0.02 �1.02% �1.6 0.1205

Vessel Skeleton Density (VSD)
Overall 0.14 � 0.00 0.14 � 0.02 �0.81% �1.53 0.1364
Nasal 0.15 � 0.01 0.14 � 0.00 �1.85% �2.61 0.0143
Superior 0.16 � 0.01 0.15 � 0.01 �2.64% �6.96 <0.0001
Temporal 0.15 � 0.00 0.15 � 0.00 �1.14% �2 0.0547
Inferior 0.16 � 0.01 0.15 � 0.00 �1.80% �3.09 0.0044

Vessel Perimeter Index (VPI)
Overall 0.31 � 0.01 0.31 � 0.00 0.12% 0.27 0.789
Nasal 0.33 � 0.01 0.32 � 0.01 �0.92% �2.15 0.0397
Superior 0.33 � 0.00 0.31 � 0.01 �1.05% �4.9 <0.0001
Temporal 0.32 � 0.01 0.32 � 0.00 �0.66% �1.74 0.0925
Inferior 0.33 � 0.00 0.33 � 0.01 �0.47% �1.1 0.2823

Vessel Complexity Index (VCI)
Overall 15175055186 � 457352042 15305346763 � 403929897 0.86% 1.81 0.0815
Nasal 2052.42 � 101.28 2052.33 � 66.55 0.00% �0.01 0.9956
Superior 1946.04 � 76.62 1948.03 � 54.86 0.10% 0.17 0.8696
Temporal 1912.90 � 79.33 1910.93 � 80.29 �0.10% �0.17 0.8637
Inferior 1903.32 � 103.56 1931.99 � 56.75 1.51% 1.29 0.2068

Flux Index (FI)
Overall 0.30 � 0.02 0.30 � 0.02 0.18% 0.16 0.8752
Nasal 0.50 � 0.04 0.51 � 0.05 2.36% 1.38 0.1792
Superior 0.59 � 0.03 0.58 � 0.03 �0.87% �0.85 0.4017
Temporal 0.53 � 0.03 0.54 � 0.04 1.31% 1.11 0.2751
Inferior 0.58 � 0.03 0.58 � 0.04 0.01% 0.01 0.9953

Flow Impairment Region (FIR)
Overall 0.45 � 0.12 0.24 � 0.03 �44.71% �1.49 0.1461
Nasal 0.07 � 0.05 0.08 � 0.05 12.79% 0.85 0.3998
Superior 0.03 � 0.01 0.03 � 0.02 5.68% 0.49 0.6307
Temporal 0.06 � 0.04 0.05 � 0.04 �7.14% �0.65 0.5218
Inferior 0.09 � 0.02 0.05 � 0.04 �50.20% �1.19 0.244

Change rate¼ (values in 2021- values in 2019)/values in 2019.
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difference. The VCI showed a tendency to increase. The VCI of the overall
peripapillary region and the superior quadrant significantly increased,
indicating that the vessel morphology and tortuosity of these regions
worsened. The VCI of other quadrants did not show a distinct change.
The FIR showed a tendency to increase. The FIR of the superior quadrant
significantly increased, indicating that the size of the flow impairment
area was largest in the superior quadrant. Other quadrants did not show a
significant change. The FI showed a tendency to decrease. The FI values
of the superior, temporal and inferior quadrants significantly decreased,
indicating that the blood flow was considerably reduced. As a whole,
blood circulation indices including the VDI, the VAD, the VSD, the VPI
and the FI decreased, and the blood circulation indices represent the
abnormalities of microcirculation and microvasculature including the
FIR and the VCI increased. This finding indicates that the average vessel
caliber, total blood flow area, total vessel quantity and blood flow
significantly dropped, while the vessel abnormalities and flow impair-
ment region deteriorated. When the VAD, the VSD and the VPI decreased,
the decrease in the VDI was more likely to be a shrinking of blood vessels
rather than a closure of them. Unlike the SCP, the superior and inferior
quadrants of the DCP were more vulnerable and affected.

In the correlation analysis of the relative changes in blood circulation
indices in the SCP, no significant relevant factors were revealed (not
shown in the results); therefore, no further regression analysis was per-
formed. The correlation analysis of the blood circulation index change
18
ratios in DCP revealed age, diabetes duration, height growth, change in
glycosylated hemoglobin and the corresponding baseline blood circula-
tion indices as significant relevant factors. The significantly altered
relative changes in blood circulation indices were used as dependent
variables, and the abovementioned meaningful relevant factors were
used as independent variables. All positive results and some negative
results of the multiple regression analysis are shown in Table 4. In
addition, a multiple regression analysis that included the relative changes
in the VD (nasal), VAD (overall, superior, nasal, inferior), VSD (overall,
nasal, temporal), VPI (nasal, superior, temporal), VCI (overall) and FI
(superior, temporal) as dependent variables also failed to reveal any
significant relevant factors (not shown in the results). Multiple regression
revealed that height growth was an independent influence on inferior
VAD, inferior VSD and inferior FI (β ¼ �0.6071, P ¼ 0.0411; β ¼
�0.6666, P ¼ 0.0209; β ¼ �0.6711, P ¼ 0.0324); the greater the height
growth in the preceding 2 years, the lower the VAD, VSD and FI were in
2021. The duration of diabetes was an independent factor influencing the
inferior VCI and superior FIR (β ¼ �0.1751, P ¼ 0.00317; β ¼ �0.4766,
P ¼ 0.0231); the longer the DM duration was, the larger the VCI and FIR
were when the follow-up period ended. The change in the glycosylated
hemoglobin percentage (HbA1c%) value was an independent factor
influencing the superior FIR; the higher the HbA1c% value at follow-up,
the larger the FIR was in 2021.



Table 3
The peripapillary blood circulation indices in the deep capillary plexus in 2019 and 2021.

Parameters 2019 2021 Change Rate t value P value

Vessel Diameter Index (VDI)
Overall 21.29 � 0.04 21.05 � 0.04 �1.13% �3.5 0.0015
Nasal 21.19 � 0.71 21.40 � 0.07 1.00% 1.39 0.1738
Superior 21.20 � 0.57 21.05 � 0.59 �0.70% �1.27 0.2148
Temporal 21.79 � 0.53 21.59 � 0.53 �0.94% �2.39 0.0235
Inferior 21.80 � 0.58 21.60 � 0.52 �0.91% �2.07 0.0470

Vessel Area Density (VAD)
Overall 0.49 � 0.02 0.47 � 0.20 �3.65% �3.77 0.0007
Nasal 0.49 � 0.04 0.48 � 0.04 �2.70% �1.59 0.1231
Superior 0.51 � 0.04 0.49 � 0.03 �4.13% �3.4 0.0020
Temporal 0.53 � 0.03 0.50 � 0.02 �4.58% �5.11 <0.0001
Inferior 0.52 � 0.03 0.50 � 0.02 �3.93% �5.02 <0.0001

Vessel Skeleton Density (VSD)
Overall 0.13 � 0.00 0.13 � 0.00 �2.56% �3.24 0.0030
Nasal 0.14 � 0.00 0.13 � 0.00 �3.62% �2.77 0.0097
Superior 0.14 � 0.00 0.14 � 0.00 �3.42% �3.99 0.0004
Temporal 0.14 � 0.01 0.14 � 0.00 �3.63% �4.97 <0.0001
Inferior 0.14 � 0.01 0.14 � 0.00 �2.68% �4.65 <0.0001

Vessel Perimeter Index (VPI)
Overall 0.31 � 0.01 0.30 � 0.01 �1.11% �1.64 0.1114
Nasal 0.31 � 0.01 0.31 � 0.02 �2.57% �2.55 0.0163
Superior 0.32 � 0.01 0.31 � 0.01 �2.00% �3.16 0.0037
Temporal 0.32 � 0.01 0.32 � 0.01 �2.06% �3.98 0.0004
Inferior 0.31 � 0.01 0.31 � 0.01 �0.82% �1.69 0.1026

Vessel Complexity Index (VCI)
Overall 16947477493 � 671908782 17197898864 � 434075066 1.48% 2.37 0.0248
Nasal 2256.07 � 93.88 2220.62 � 97.45 �1.57% �2.03 0.0521
Superior 2247.50 � 77.44 2256.21 � 72.40 0.39% 0.61 0.5444
Temporal 2185.96 � 106.66 2193.57 � 103.77 0.35% 0.57 0.5745
Inferior 2106.35 � 212.11 2195.23 � 70.28 4.22% 2.31 0.0280

Flux Index (FI)
Overall 0.18 � 0.02 0.16 � 0.01 �9.28% �5.3 <0.0001
Nasal 0.33 � 0.03 0.33 � 0.03 �1.39% �0.65 0.5228
Superior 0.36 � 0.04 0.34 � 0.03 �6.36% �4.33 0.0002
Temporal 0.37 � 0.03 0.35 � 0.03 �5.89% �5.3 <0.0001
Inferior 0.40 � 0.03 0.37 � 0.03 �6.46% �5.8 <0.0001

Flow Impairment Region (FIR)
Overall 1.37 � 1.28 1.61 � 0.57 17.80% 0.75 0.4610
Nasal 0.24 � 0.33 0.36 � 0.54 49.15% 1.22 0.2332
Superior 0.09 � 0.11 0.16 � 0.18 83.77% 2.49 0.0187
Temporal 0.09 � 0.06 0.12 � 0.09 32.03% 1.99 0.0557
Inferior 0.20 � 0.39 0.12 � 0.11 �38.99% �1.19 0.2433

Change rate¼ (values in 2021- values in 2019)/values in 2019.

Table 4
Multiple regression analyses of the blood circulation indices in the deep capillary plexus.

Deep Capillary Plexus Variables Intercept Baseline value in 2019 Age in 2021 DM duration in 2021 ΔHeight ΔHbA1c F value, P value

VDI Overall β coefficient 0 �0.3929 �0.1511 0.0256 �0.1135 0.3681 1.81, 0.1683
P value 0.0925 0.0880 0.6522 0.9149 0.7322 0.1173

VAD Inferior β coefficient 0 �0.5575 �0.4116 0.0889 �0.6071 0.2304 4.02, 0.0149
P value 0.0087 0.0073 0.1509 0.667 0.0411 0.2107

VSD Inferior β coefficient 0 �0.647 �0.484 �0.0265 �0.6666 0.0984 4.68, 0.0080
P value 0.0013 0.0019 0.0799 0.8963 0.0209 0.5673

VPI Superior β coefficient 0 �0.6261 �0.3221 0.2966 0.0057 0.0339 3.53, 0.0243
P value 0.0254 0.0183 0.2736 0.173 0.9842 0.8779

VCI Inferior β coefficient 0 �0.9213 0.1052 �0.1751 �0.0463 0.0873 48.74, <0.0001
P value <0.0001 <0.0001 0.3429 0.0317 0.6807 0.2277

FI Inferior β coefficient 0 �0.3971 �0.5044 0.3051 �0.6711 0.2108 3.78, 0.01880
P value 0.0661 0.0557 0.0927 0.1739 0.0324 0.2563

FlR Superior β coefficient 0 �0.2597 0.3022 �0.4766 �0.2287 �0.4326 4.36, 0.0107
P value 0.6831 0.1614 0.2743 0.0231 0.4046 0.0244

VDI¼ Vessel Diameter Index, VAD¼ Vessel Area Density, VSD¼ Vessel Skeleton Density, VPI¼ Vessel Perimeter Index, VCI¼ Vessel Complexity Index, FI¼ Flux Index,
FIR¼ Flow Impairment Region. ΔHeight ¼ Height in 2021-Height in 2019. ΔHbA1c (hemoglobin A1c, HbA1c) ¼ HbA1c in 2021- HbA1c in 2019.
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4. Discussion

In a PubMed search, we failed to discover any prior studies focused on
the longitudinal alterations of the peripapillary blood circulation indices
among T1DM children without DR. This study revealed that the only
change in SCP blood flow after 2 years was a decrease in vessel density.
19
The vessel density, blood flow, vessel morphological abnormalities and
flow impairment area all deteriorated in the DCP over the follow-up
period, and the factors influencing these changes were height growth,
change in HbA1c% and duration of diabetes. Where previous cross-
sectional studies merely conjectured, this longitudinal observational
study confirmed that microcirculation and microvasculature impairment
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emerged in the DCP earlier than in the SCP - that is, the peripapillary DCP
is more susceptible and vulnerable to DR progression than the SCP in the
early stage of preclinical DR and could be used as a target for DR
screening. Along with blood glucose control and duration of diabetes,
more attention should also be paid to the unique manifestations of DR
among diabetic children during growth and puberty.

DR is a class of diseases mainly characterized by alteration, degen-
eration and destruction of capillaries. In DM patients, blood glucose
levels remain high for long periods, and advanced glycation end-products
accumulate in retinal vasculature, inducing apoptosis of pericytes,
thickening of the vessel basement membrane and hyperplasia of the
endothelium; these changes eventually reduce the permeability of cap-
illaries and reduce the vessel density.17 Before the advent of any clinical
signs of DR, the abovementioned alterations are already in progress.
Thus, the blood circulation indices significantly deteriorated among the
T1DM children without DR in this longitudinal observational study and
previous cross-sectional studies.10,11,18–20 However, the emergence of
evidence of neurodegeneration among DR patients has provided a new
reason for this phenomenon. It is widely believed that neurodegeneration
induces apoptosis of neurons and dysfunction of glial cells, which de-
grades the blood–retina barrier and neurovascular coupling and even-
tually leads to microvascular dysfunction in preclinical DR.5–7 In 2018,
Zhang9 et al. determined that the reduction of peripapillary vessel den-
sity precedes the reduction of RNFL thickness. Zhang also speculated that
peripapillary microcirculation impairment precipitates the metabolic
dysfunction of neurons, which impels the progression of DR. We infer
that there may be a reciprocal causal relationship between microvascu-
lature impairment and neurodegeneration. On the one hand, impaired
microcirculation induces the dysfunction of neurons; on the other hand,
neurodegeneration aggravates microvascular dysfunction. In summary,
these two factors form a vicious cycle that drives the progression of DR.
Hence, it is very meaningful to observe long-term alterations in peri-
papillary blood flow. These changes can reflect not only the extent of
peripapillary microvascular impairment but also the blood and oxygen
supply of the optic nerve head.

After two years, the vessel density of the SCP's superior and nasal
quadrants distinctively decreased. The temporal quadrant had no
obvious alteration. In their study, Guven11 et al. observed that children
with T1DM exhibited lower vessel density in the optic disc area.
Contrarily, Pilotto21 et al. reported an increase in peripapillary capillary
vessel density in T1DM children compared to healthy controls. Koca20

et al., however, found no significant difference in peripapillary capillary
vessel density between T1DM children and control groups. Our research
group's previous cross-sectional study also did not identify any notable
differences in superficial peripapillary microvasculature among T1DM
children without DR compared to healthy counterparts. However, it is
crucial to note that Pilotto and Koca's analyses focused on the radial
peripapillary capillary plexus (RPC), encompassing the inner limiting
membrane and the RNFL. Beyond the RPC, the SCP also includes the
ganglion cell layer and inner plexiform layer. The discrepancies in these
cross-sectional studies' conclusions may stem from variations in diabetes
duration and disease progression. Specifically, the mean age of Pilotto's
study subgroup without DR was 17.2 years, with a diabetes duration
averaging 12.5 years – significantly longer than the approximate 5-year
duration noted in other studies. This disparity underscores the neces-
sity for longitudinal studies to further clarify these observations. Our
2-year follow-up study within the SCP framework corroborates that
peripapillary vessel density reduction also occurs in T1DM children
without DR. Our findings suggest that initially, peripapillary blood flow
in children with T1DM does not differ from the normal population before
the onset of diabetic retinopathy, but subsequently begins to decrease
markedly. Peripapillary vessel density was considered to be relevant to
the RNFL thickness.6 Our research group's study among T1DM children
revealed that the thinning of the RNFL thickness in nasal quadrants
preceded that in other quadrants.22 The above studies provided strong
support. In particular, the VAD, VSD and VPI all decreased in the SCP,
20
while the VDI increased.When the blood flow area and vessel quantity all
declined, the only reason for the increase in average vessel caliber was
the closure of vessels with lesser caliber. This phenomenon was in accord
with the pathophysiological characteristic of DR for violating small
vessels and capillaries.17 Although the peripapillary vessel density in the
SCP was decreased, the FI, FIR and VCI were not influenced, indicating
that the blood supply was not severely affected.

In the DCP, observations revealed not only dramatic reductions in the
blood flow area and the number of vessels but also distinct deteriorations
in the blood flow, flow impairment region and vessel morphology,
indicating that the blood supply and oxygen supply were severely
restricted. The deep retina tissue has a high metabolic demand and
relatively low perfusion and is susceptible to the metabolic pressure
induced by DM.23 The injury in the DCP microcirculation always pre-
cedes the SCP, and the extent of the DCP microvascular impairment was
consistent with DR progression.24 The central retinal artery (CRA) di-
vides into 4 branches, namely, the superior nasal, superior temporal,
inferior nasal and inferior temporal branches. These 4 arterioles course
through the RNFL and give off collateral branches that dive deeper
through the retinal layers and comprise two major capillary networks
within their respective quadrants: the inner capillary network within the
ganglion cell layer and the outer capillary network within the inner nu-
clear layer.25 The SCP in this study comprised the arterioles in the RNFL
and the inner capillary network, while the DCP comprised only the outer
capillary network. The outer capillary network is the most vulnerable
vasculature in the retina and cannot be repaired.26–28 There was also a
decrease in vessel density in the DCP among high myopia and glaucoma
patients.23,29 The above mechanisms provided strong support for badly
impaired DCP and slightly affected SCP in this study from all aspects.
First, the SCP contains terminal arterioles of the CRA, while the DCP
contains only capillaries. DR tends to violate microvasculature and cap-
illaries. Second, the DCP is more vulnerable and susceptible. In contrast
to what was observed in the SCP, the inferior, superior and temporal
quadrants were the most affected areas of the DCP. However, the existing
data provide limited confirmation of this interpretation.

In the regression analysis, height growth during the follow-up period
was an independent influencing factor of inferior VAD, VSD and FI. The
greater the height growth, the worse the blood circulation indices were.
The participants in this study were in the growth and puberty period, and
the average height in 2021 (1.57 � 0.13) was significantly higher than
that in 2019 (1.47� 0.17). However, we failed to discover any relevance
between height growth and DR progression or vessel density decrease
among DM patients in previous research. We presume that great growth
demands in children may exacerbate any existing impairment of peri-
papillary microcirculation. Unlike older DM patients, who are physio-
logically mature, the pediatric DM patients in this study had not yet
completed puberty. High blood glucose hinders normal growth in chil-
dren,30,31 while strong growth needs may aggravate the progression of
DM complications. In the future, we should think highly of the problem
of reconciling maintaining normal growth with slowing down DM
complication progression among children with DM. DM duration was an
independent influencing factor of inferior VCI. It was harder to maintain
normal vessel morphology as the duration of diabetes increased, which
conformed to previous studies.32 The change in HbA1c% was an inde-
pendent influencing factor of superior FIR; the more severe the HbA1c%
change was, the larger the flow impairment area. Glycosylated hemo-
globin reflected the average blood glucose level in the past 3 months, and
the HbA1c% level in 2021 (7.91 � 1.54) was significantly higher than
that in 2019 (7.08 � 1.76). Blood glucose levels are highly relevant to
microvasculature damage.17,33 Although the difference in HbA1c% levels
between the two timepoints is only a crude reflection of average blood
glucose during the follow-up period, it could provide information on the
effects of behavioral change and externally imposed interventions on
children's blood glucose control.

Currently, studies concentrating on peripapillary OCTA usually use
the 4.5 mm * 4.5 mm optic nerve head scan mode and analyze the RPC.
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This study used the 6 mm * 6 mm angiography scan mode and analyzed
the SCP and DCP. It is not convenient to directly compare our results from
other studies with regular scan and analysis modes. However, a larger
scan size and larger analysis range could provide more information. This
study should have reported the macular blood circulation index alter-
ations at the same time, as there are already plentiful data that cover only
the peripapillary area. In addition, this study failed to acquire the follow-
up data of normal children due to their poor compliance. Unfortunately,
we could not compare the longitudinal peripapillary blood flow index
changes between normal children and T1DM children. In addition, a
longer follow-up duration and a larger cohort size are likely to yield more
comprehensive information.

In summary, this study observed longitudinal peripapillary blood
circulation index changes for 2 years among T1DM children without
visual impairment and DRwhowere still in puberty. We revealed that the
vessel density of the peripapillary SCP decreased. The vessel density,
blood flow, vessel morphological abnormalities and flow impairment
area all deteriorated in the DCP. The height growth, change in HbA1c%
level and DM duration were independent factors influencing the relative
change in blood circulation indices in the DCP. Therefore, future studies
on DR prevention and progression should pay more attention to the
importance and susceptibility of peripapillary DCP and the unique
characteristic of DR progression among DM patients in puberty.

Study approval

This study was performed in line with the principles of the Declara-
tion of Helsinki. Approval was granted by the Ethics Committee of
Shanghai General Hospital (approval number 2018KY209) and the
Children's Hospital affiliated with Fudan University in Shanghai
(approval number: 012018).

Author contributions

All authors contributed to the study conception and design. Material
preparation, data collection and analysis were performed by LC, CY, and
HZ. The first draft of the manuscript was written by LC, HZ and all au-
thors commented on previous versions of the manuscript. All authors
read and approved the final manuscript.

Funding

This study was supported by Chinese National key research and
development program (Project number 2021YFC2702100) and Shanghai
engineering research center of precise diagnosis and treatment of eye
diseases, Shanghai, China (Project No. 19DZ2250100).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Thanks to all the peer reviewers for their opinions and suggestions.

Abbreviations

T1DM Type 1 diabetes mellitus
DR Diabetic retinopathy
RNFL Retinal nerve fiber layer
OCTA Ooptical coherence tomography angiography
OMAG Optical microangiography algorithm
SCP Superficial capillary plexus
DCP Deep capillary plexus
21
VDI Vessel diameter index
VAD Vessel area density
VSD Vessel skeleton density
VPI Vessel perimeter index
VCI Vessel complexity index
FIR Flow impairment region
FI Flux index
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