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Purpose: Retinal microvasculature plays an important role in children’s fundus
lesions and even in their later life. However, little was known on the features of
normal retina in early life. The purpose of this study was to explore the normal
retinal features in the first 6 years of life and provide information for future
research.
Methods: Children, aged from birth to 6 years old and diagnosed with various
unilateral ocular diseases were included. Venous phase fundus fluorescein
angiography images with the optic disc at the center were collected. Based on
the ResUNet convolutional neural network, optic disc and retinal vascular
features in the posterior retina were computed automatically.
Results: A total of 146 normal eyes of 146 children were included. Among different
age groups, no changes were shown in the optic disc diameter (y =−0.00002x +
1.362, R2 = 0.025, p= 0.058). Retinal vessel density and fractal dimension are
linearly and strongly correlated (r=0.979, p < 0.001). Older children had smaller
value of fractal dimension (y =−0.000026x + 1.549, R2= 0.075, p= 0.001) and
narrower vascular caliber if they were less than 3 years old (y =−0.008x +
84.861, R2= 0.205, p < 0.001). No differences were in the density (y =
−0.000007x + 0.134, R2= 0.023, p= 0.067) and the curvature of retinal vessels
(lnC =−0.00001x− 4.657, R2= 0.001, p= 0.667).
Conclusions: Age and gender did not impact the optic disc diameter, vessel
density, and vessel curvature significantly in this group of children. Trends of
decreased vessel caliber in the first 3 years of life and decreased vessel
complexity with age were observed. The structural characteristics provide
information for future research to better understand the developmental origin of
the healthy and diseased retina.
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Introduction

Retinal vessels are the only blood vessels that can be viewed directly and noninvasively in

a living person with ever increasing technical sophistication (1). Previous studies pointed out

that microvascular features may be important indicators for monitoring chronic systemic

diseases and reflecting the conditions of infants in utero, which could influence the

development of later life (2–5). Retinal microvasculature has also been reported to be

related to hypertension and central hemodynamics in children (6, 7). The morphological

features of retinal vessels in early adolescence could be valid indictors for predicting
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microvascular diseases in adulthood, as retinal vessel caliber was

associated with body mass index and insulin resistance, which

could be used as a possible noninvasive proxy for the

identification of elevated risk for cerebral microvascular disease

in adulthood (8). Retinal vascular geometry independently

predicts the incidence of renal dysfunction in young people with

type 1 diabetes (9) and the subsequent development of

proliferative diabetic retinopathy (10, 11). Additionally, retinal

vascular features serve as diagnostic indicators and evaluation

indexes for some pediatric fundus lesions, like familial exudative

vitreoretinopathy and retinopathy of prematurity (12–14).

Another important structure that is often being affected in

childhood fundus diseases is the optic disc, which is associated

with various abnormal development of the optic nerve in

children (15).

According to the Developmental Origins of Health Disease

hypothesis (16), it is vital to reveal the normal development of

retinal vessels in early life exposure, which could provide the

baseline for studies focusing on the pathogenesis of retinal

diseases. A vast body of research has focused on the

characteristics of abnormal eyes to reveal the pathology of retinal

vessels, especially in adult population (13, 17–19). Only several

studies measured the retinal vessels in infants or young children

due to the technical difficulties, cooperative issues, and ocular

magnification, which are big problems in measuring pediatric

eyes (20). Kandasamy et al. (21, 22) reported the retinal

microvasculature measurements in full-term newborn infants and

retinal microvascular development in the first 2 years. Some

cohorts were established to measure the retinal microvasculature

at years of 6, 11, and 6–12 (2, 23, 24). These data described the

development of retinal vessels in children, at some degree.

Nonetheless, due to the limitation of age range and subject

ethnicities, data from these studies might not represent the

development pattern of retinal vessels in Chinese children.

Currently, the data on normal retinal vascular measurement

among Chinese children, especially in their early 6 years of life,

are scarce. Therefore, we carried out this study to analyze the

optic disc and retinal vascular parameters of the fundus

fluorescein angiography (FFA) images quantitatively using

ResUNet convolutional neural network (ResUNet), precisely

solving problems of technical difficulties and cooperative issues

in pediatric measurements. This study aimed to provide

comprehensive characteristics of retinal vessels in the first 6 years

of life, which would provide information for future research to

better understand the developmental origin of the healthy and

diseased retina.
Materials and methods

Study design

This cross-sectional study was performed in the department of

ophthalmology, West China Hospital of Sichuan University,

Chengdu, China. Children, aged from birth to 6 years old,

diagnosed with various unilateral ocular diseases from 2019 to
Frontiers in Pediatrics 02
2021 were selected. Patients with systematic diseases were

excluded. Selected children were examined carefully to confirm

that the contralateral eye was free of diseases and received FFA

imaging under general anesthesia using the RetCam 3 system

equipped with 130° wide-angle lens (Clarity Medical Systems,

Inc., Pleasanton, CA, United States). Finally, the FFA images

from all normal contralateral eyes of selected children were

processed and measured. This study was approved by the Ethics

Committee on Biomedical Research, West China Hospital of

Sichuan University, and was conducted in compliance with good

clinical practice guidelines, institutional review board regulations,

and with written consent from parents in accordance with the

tenets of the Declaration of Helsinki.
Image processing

The venous phase FFA images with the optic disc at the center

were collected for analysis. Before segmentation, the optic disc

region and vascular region of FFA images were labeled using

EVLabelImage program (EVision, Inc., Beijing, China) by two

experienced retinal specialists. Afterward, the labeled images were

sent to ResUNet for training segmentation model. The

segmentation model can be obtained after the ResUNet model

validation (25) (Figure 1B).

A total of 93 FFA image sets were randomly split into training,

validation, and test data sets with a ratio of 7:1:2. The performance

of the ResUNet validation was evaluated by accuracy, sensitivity,

specificity, and intersection over union (IoU) as described

previously (26, 27). Briefly, accuracy was defined as the

proportion of correctly identified pixels to the entire number

of pixels independent of class. Sensitivity was the proportion of

correctly identified positive pixels to the entire number of

positive pixels independent of class. Specificity was the

proportion of correctly identified negative pixels to the entire

number of negative pixels independent of class. IoU was the ratio

of the number of correctly classified pixels over the number of

ground truth pixels and the predicted pixels in that class. The

optic disc segmentation achieved an accuracy of 0.999, with a

sensitivity of 0.966, a specificity of 0.999, and an IoU of 0.940;

the retinal vessel segmentation had an accuracy of 0.979, with a

sensitivity of 0.857, a specificity of 0.988 and an IoU of 0.735

(Table 1).
Image measuring

Based on previous research, the central posterior retina was

defined as a circular area centered at the optic disc with a radius

of three times of the optic disc diameter (DD) (28). The optic

disc diameter and features of retinal vessels in this area were

measured based on the segmentation model using ResUNet

(Figure 1B).

The optic disk was defined by the inner border of the scleral

rim surrounding the nerve tissue (29). After segmentation, the

optic disc diameter was measured as the long axis of the
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FIGURE 1

The framework of the study design. (A) Flowchart of recruited children from 2019 to 2021 and data analysis in this study, including the distribution of optic
disc diameter and retinal vascular parameters (fractal dimension, caliber, density, and curvature of retinal vessels) with age, the difference of these
indictors among several age groups, and difference of those indictors between females and males in each age group. (B) The presentation of image
processing and measuring. Each FFA image was segmented to acquire the features of the optic disc and retinal vessels (image segmentation). Then,
the optic disc diameter, fractal dimension of the whole retina, the mean caliber, density, and curvature of retinal vessels in the posterior retina were
computed (image measurement). In the image measurement, the left picture showed the measurement of optic disc diameter and the caliber of
retinal vessels, and each pink line represented the retinal vascular caliber at that special point; the medium picture showed the measurement of
retinal vascular density, and the heat map present the value of density with the brighter color meaning the greater density; the right picture showed
the measurement of retinal vascular curvature, and the heat map present the value of curvature with the brighter color meaning the greater
curvature. FFA, fundus fluorescein angiography.

TABLE 1 Performance of ResUNet on segmentation of optic disc and
retinal vessels.

Segmentation Accuracy Sensitivity Specificity IoU
Optic disc 0.999 0.966 0.999 0.940

Retinal vessel 0.979 0.857 0.988 0.735

FN, false negative; FP, false positive; TN, true negative; TP, true positive.

Accuracy = (TP + TN)/(TP + TN+ FP + TN), Sensitivity = TP/(TP + FN), Specificity =

TN/(TN+ FP), and IoU = TP/(TP + FP + FN).
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minimum outer rectangle of the optic disc. Fractal dimensions,

indicating the whole branching pattern of the retinal vascular

tree, were computed from a skeletonized line tracing by using the

box-counting method (30). The mean caliber (31), density (32),

and curvature (33) of retinal vessels in the posterior retina (0.5–

3.0 DD) were measured without distinguishing retinal arteriole

and venule. Briefly, retinal vascular caliber was measured as the

inner diameter without the vascular wall. Retinal vascular density

was measured as the ratio of the vessel pixel area to the total

pixel area. Retinal vascular curvature was measured as the

reciprocal of the radius of the outer circle.
Unit conversion

Based on previous publications (34), RetCam 3 provided

images with pixels up to 1.92 million of which the horizontal

pixel was 1,600 and the vertical pixel was 1,200. The conversion

relationship between the pixel of RetCam 3 instrument and the
Frontiers in Pediatrics 03
actual value was 12.2 µm/pixel. According to the conversion

relationship between pixels and micrometers, the diameters of

the optic disc and retinal vessels were converted from pixel units

to micrometer units.
Statistical analysis

Statistical analyses were performed using R programming

language version 4.2.0 (Daniel E. Ho, Stanford, CA, United States)

and SPSS version 25.0 (IBM Corp., Armonk, NY, United States).

The normality of variables was determined using the D’Agostino-

Pearson test. Data are reported as mean ± standard deviation (SD)

for data with normal distribution or median [interquartile range

(IQR)] for data with skewed distribution. Linear regression was

used to display the variation trend of the parameters of retinal

vessels with the independent variable of age (day, D). One-way

ANOVA test was used to compare the differences among all

parameters among various age groups. An independent-sample t-

test was used to compare the differences among all parameters in

females and males. A p-value <0.05 is considered significant.
Results

A total of 146 children diagnosed with various unilateral ocular

diseases were included in this study with 64 (43.84%) females and 86

(58.90%) left eyes (Figure 1A and Table 2). The diagnosis of
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TABLE 2 the clinical characteristics of included children (n = 146).

Clinical characteristics Number Percentage

Gender
Female 64 43.84

Male 82 56.16

Eye
Left 86 58.90

Right 60 41.10

Gestational age
Pre-term (GA < 37 weeks) 11 7.53

Full-term (37 weeks≤GA < 42 weeks) 133 91.10

Post-term (GA≥ 42 weeks) 1 0.68

Unknown 1 0.68

Birth weight
Low (BW < 2,500 g) 11 7.53

Normal (2,500 g ≤ BW≤ 4,000 g) 128 87.67

High (BW > 4,000 g) 7 4.79

Conception
Natural 143 97.95

Non-natural 3 2.05

Parturition
Natural 74 50.68

Cesarean 72 49.32

History of oxygen after birth
Yes 13 8.90

No 133 91.10

Age (years)
0–1 43 29.45

1–2 25 17.12

2–3 24 16.44

3–4 14 9.59

4–5 16 10.96

5–6 24 16.44

GA, gestational age; BW, birth weight.

FIGURE 2

The distribution of optic disc diameter (mm) with age (day) of the 146
included children. The upper histogram showed the distribution of the
age (day) and the right histogram showed the distribution of the optic
disc diameter (mm). The red line was the linear regression line (y =
−0.00002x + 1.362), showing no changes of optic disc diameter
among different age. The green shadow area was the 95% confidence
interval of the linear regression line.
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unilateral ocular diseases included monocular persistent hyperplastic

primary vitreous, monocular cataract, monocular morning glory

syndrome, and unilateral coats disease. The clinical characteristics

are listed in Table 2. The average gestational age (GA) was

38.60 ± 2.02 (26.00–41.28) weeks. Most children (133, 91.10%)

were born at term in this study, while 11 children were born

prematurely and only 1 child was born with unclear gestational

age. The average birth weight (BW) was 3,250 ± 586 (930–4,600) g.

A total of 128 (87.67%) children had normal birth weight, 11

(7.53%) had low birth weight, and 7 (4.79%) had high birth

weight. Of the included children, 97.95% were naturally conceived.

Seventy-four (50.68%) children were delivered naturally and 72

(49.32%) by cesarean section. Additionally, 133 (91.10%) children

in this study had no history of oxygen inhalation after their birth,

while 13 (8.90%) had history of oxygen inhalation.

Optic disc diameters were similar among different age (y =

−0.00002x + 1.362, R2 = 0.025, p = 0.058) (Figure 2). The optic

disc diameter of all included children was 1.35 ± 0.07 mm, 1.37 ±

0.07 mm in children aged 0–1 year old, 1.33 ± 0.05 mm in 1–2

years, 1.34 ± 0.09 mm in 2–3 years, 1.37 ± 0.07 mm in 3–4 years,

1.28 ± 0.07 mm in 4–5 years, and 1.33 ± 0.07 mm in 5–6 years
Frontiers in Pediatrics 04
(Supplementary Table S1). When compared between females

and males in each age group, females had bigger optic disc in

the 2–3 years group (1.38 vs. 1.30, p = 0.030) and no significant

difference was found in other groups (Supplementary Table S2).

Using correlation analysis, vessel density measurement and

fractal dimension are linearly and strongly correlated (r = 0.979,

R2= 0.958, p < 0.001). For fractal dimension, older children had less

complex retinal vascular structures (y =−0.000026x + 1.549, R2=

0.075, p = 0.001) (Figure 3A). For vascular caliber, older children

had narrower retinal vessels when they were less than 3 years old

(y =−0.008x + 84.861, R2= 0.205, p < 0.001), but there were no

changes in these children aged from 3 to 6 years old (y = 0.0001x

+ 6.148, R2= 0.011, p = 0.460 > 0.05) (Figure 3B). In this study, age

had no impact on retinal vascular density (y =−0.000007x + 0.134,

R2= 0.023, p = 0.067 > 0.05) and curvature of retinal vessels (lnC =

−0.00001x− 4.657, R2= 0.001, p = 0.667) (Figures 3C,D).

When compared among various age groups, children aged 0–1

year and 1–2 years had more complex retinal vascular structures

than those aged 5–6 years, with p = 0.024 and p = 0.045,

respectively. Children aged 0–1 year had higher retinal vascular

caliber than those aged 2–3 years (p = 0.002), 3–4 years (p =

0.013), 4–5 years (p = 0.011), and 5–6 years (p = 0.001)

(Figure 4). However, retinal vascular density and retinal vascular

curvature showed no significant differences among different age

groups (p > 0.05, Supplementary Table S1). When compared

between females and males in each age group, females had a

higher value of retinal vascular caliber than males in the 3–4

years group (79.51 vs. 72.81, p = 0.011, Supplementary Table S2).
Discussion

This cross-sectional study described the retinal features

measuring on the contralateral eye of the Chinese children up
frontiersin.org
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FIGURE 3

The distribution of four retinal vascular parameters with age (day). the upper histogram showed the distribution of the age of 146 included children and
the right one showed the distribution of fractal dimension (A), retinal vascular caliber (B), retinal vascular density (C), and retinal vascular curvature (D) of
146 included children. (A) The distribution of fractal dimension of whole retinal vessels with age; the red line was the linear regression line (y =
−0.000026x + 1.549); the green shadow area was the 95% confidence interval of the linear regression. (B) The distribution of retinal vascular caliber
with age; the red line was the locally weighted regression (LOESS) line and the blue line was the segmented linear regression line (SLR, y =−0.008x +
84.861, if x < 1,095; y = 0.0001x + 6.148, if x≥ 1,095); the gray shadow areas around LOESS line and SLR line were their 95% confidence intervals,
respectively. (C) The distribution of retinal vascular density with age; the red line was the linear regression line (y =−0.000007x + 0.134); the green
shadow area was the 95% confidence interval of the linear regression line. (D) The distribution of ln (retinal vascular curvature) (lnC) with age. The red
line was the linear regression line (lnC = −0.00001x− 4.657); the green shadow area was the 95% confidence interval of the linear regression line.
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to 6 years old with unilateral ocular disorders based on FFA

images. Our data on optic disc and retinal vessels provide

information for future research to better understand the

developmental origin of the healthy and diseased retina. Older

children had less complex retinal vascular morphology in this

study, which was in agreement with the inverse correlation of

fractal dimension with age reported in previous studies (24, 35,

36). A previous study on the retinal vasculature of the Hong

Kong children aged 6–8 years had a fractal dimension of about

1.24 (37). Similar study on Malay children aged 6–12 years had

a fractal dimension of about 1.22 (38) and the study on 6–12-

year-old Malay girls found a value of 1.42 (24). Compared with

these studies, the current study had a bigger fractal dimension

of all included children (1.52) and girls (1.53). The possible

reason for it was that the data in this study were from FFA

images, which could detect smaller vessels in the retinal

microvasculature leading to a higher value of fractal dimension.

Additionally, children included in the study were aged from

birth to 6 years, younger than those in previous studies, which

was consistent with the trend of fractal dimension. In this
Frontiers in Pediatrics 05
study, there was no difference in fractal dimension between

females and males. The measurements of fractal dimension in

females and males were inconsistently reported in the previous

research. The research reported a bigger fractal dimension in

Middle Eastern females (39), while studies on Australian or

Indian population had inverse results (40, 41). The inconsistent

results might come from sample size, age range, sex ratio, and

ethnicity.

In this study, the retinal vessel density and fractal dimension

were found to be linearly correlated. The same correlation was

revealed in a previous study with the age of the study population

ranging from 10 to 73 years (32). Fractal dimension is an

indicator describing the morphological complexity of retinal

microvasculature, but the physiological connection with diseases

has not yet been clarified due to the inconsistency of image

acquisition and analysis techniques (30, 32, 42). Vascular density

was a quantitative index with definite physical meaning of the

percentage area occupied by flowing blood vessels in the selected

region, which has been used as a value could reflect the structure

of vasculature in certain retinal vascular conditions (43).
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FIGURE 4

The differences in fractal dimension and retinal vascular caliber (µm) among various age groups (year). (A) For fractal dimension, children in 0–1 and 1–2
years age groups had more complex retinal vascular structures than those in age group 5–6 years age group (p < 0.05). (B) For retinal vascular caliber,
children in age group 0–1 year had higher retinal vascular caliber than those in 2–3, 3–4, 4–5, and 5–6 years age groups (p < 0.05).
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Therefore, our finding suggested that the vessel density

measurement may be valuable for monitoring the changes of

retinal microvasculature since they were not influenced by age

and gender. While the correlation between the fractal dimension

and vessel density and its clinical relevance may need further

exploration.
Frontiers in Pediatrics 06
Older children had a smaller value of retinal vascular caliber

when less than 3 years, but it did not indicate the narrowing

growth of retinal vessels in the first 3 years of life, as it has been

reported that the eye still grows while it is already

disproportionally large at birth in the human (44). One possible

explanation for this phenomenon was that the hypermetropic
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state of the eye or the length of eye axis with age may have an

impact on the measurement of caliber (24) resulting in the false

reduction of the measurement (22). The retinal vascular caliber

was unchanged if children were older than 3 years, which was

consistent with these studies supporting that there was no

association between age and retinal vascular caliber after

correcting for ocular magnification (3, 45). Therefore, the stable

retinal vascular caliber in children older than 3 years would help

diagnose cardiovascular disease (46, 47), hypertension (41), and

cerebrovascular diseases (48) for they would influence retinal

vascular caliber. Compared with previous studies (2, 21, 22, 49,

50) computing central retinal arteriolar equivalent (about

145 µm) or central retinal venular equivalent (about 225 µm) in

0.5–1.0 DD with color fundus images, this study reported smaller

average retinal vascular caliber (79.68 ± 5.47 µm) in posterior

retina based on FFA images. It is possible that FFA images

provided much more information on retinal microvasculature

than color fundus images and more visible retinal vessels in the

posterior retina were included in the calculation. For gender,

females had higher value of retinal vascular caliber in the 3–4

years group, but other groups had no such difference, which was

consistent with previous studies (22, 50). Due to the unbalanced

sex ratio in the 3–4 years group, further analysis with larger

sample size is needed in future explorations.

Consistent with previous research (51), the current study

showed a stable curvature of retinal vessels without the influence

of age, which is consistent with previous study (52). Therefore,

the curvature of retinal vessels could be used as a referenced

parameter for some vascular diseases, such as retinopathy of

prematurity, hypertension, and cerebrovascular diseases (41, 48,

53). It can also provide a possible correlation between conditions

in utero or early life and adult life (54). Once the curvature of

retinal vessels changed, pathological conditions may emerge and

more attention on disease monitoring would be needed.

In the current study, the diameter of the optic disc remained

stable in all age groups, which was consistent with previous

studies showing that the optic disc diameter did not vary

significantly by age (55, 56) or whether the baby was born

prematurely or as a full-term baby (34, 57). However, reports

showed that the optic disc keeps growing postnatally by adding

more myelin layers for 6–8 years (44). This evidence indicated

little influence of age on optic disc diameter, and it would be

helpful in diseases like optic neuropathy (58–60) and ischemic

brain injury (61). The average of optic disc diameter in this

study was 1.35 ± 0.07 mm, which was in agreement with the

studies measuring optic disc size in pre-term and full-term

infants using color images taken by the RetCam system (1.41 ±

0.19 mm and 1.42 ± 0.11 mm, respectively) (29, 34, 62). Females

had slightly bigger optic discs than males when 2–3 years old,

while previous studies reported no difference between females

and males (57, 63). The possible explanation for it was the

different races, limited population, and various sex ratios in each

age group.

There were several limitations in this study. First, we did not

consider the influence of the actual development of refractive

state and the axial length, which might impact on the accuracy
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of absolute measurement. However, the results could be of value

in each age group since most parameters like density (32),

curvature (64), and fractal dimension (35) computed in this

study were relative values, which were not influenced by

magnification and bias produced by photographic process.

Second, although we exhausted the effort to confirm diagnosis of

unilateral disease in this cohort, it is possible that the studied

eyes may still suffer from the underlying preexisting conditions.

Therefore, the results need to be interpreted with caution. Third,

an overall limited number of cases with a relevant spread in age

range may lead to asymmetrical distribution of the subjects in

each age group resulting in diminished power of the study.

Significant differences in the diameter of the disc and the

vascular density may be revealed with a larger study population

in the future research. Finally, the measurement of retinal

features was based on FFA images under general anesthesia,

which was not suitable for comparing with other studies using

color fundus images or images taken in the outpatient clinic

without sedation.

In conclusion, the contralateral normal eye of the children with

unilateral ocular diseases from birth to 6 years old in our study

showed no significant changes in optic disc diameter, retinal

vessel curvature, and density, while the vessel density and fractal

dimension were correlated linearly. A trend of decreased retinal

vessels caliber was shown in the first 3 years of life and kept

unchanged in the later life.
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