Su et al. Eye and Vision (2022) 9:38
https://doi.org/10.1186/540662-022-00307-0

Eye and Vision

RESEARCH Open Access

: ®
Age- and sex-related differences sl
in the retinal capillary plexus in healthy Chinese
adults

Binbin Su, Xiaoxuan Zhu, Kai Yang, Yunfan Xiao, Chunmei Li, Keai Shi, Jia Qu, Fan Lu™", Ming Li"" and Lele Cui™"

Abstract

Background: To assess age- and sex-related changes in the superficial retinal capillary plexus (SCP) and deep retinal
capillary plexus (DCP) in healthy Chinese adults.

Methods: In this cross-sectional study, all data were derived from the community-based Jidong Eye Cohort Study.
Participants underwent optical coherence tomography angiography (OCTA) and other ocular and systemic exami-
nations. The vessel densities of the whole measured area, parafovea, and four quadrants in the SCP and DCP were
measured.

Results: We recruited 1036 eyes of 1036 healthy participants; the mean age was 40.4 4-9.8 years, and 449 (43.3%)
participants were males. The SCP and DCP vessel densities in all regions, except for temporal and nasal regions in the
SCP, non-linearly decreased with age. The DCP vessel densities began to decrease at approximately 35 years of age,
while the SCP vessel densities began to decrease at approximately 40 years of age. The DCP vessel densities decreased
more rapidly than the SCP vessel densities at 35-50 years of age. The DCP vessel densities remained stable or slightly
decreased after the age of 50 years in females, while those decreased linearly in most regions in males.

Conclusions: The retinal vessel density decreased earlier and more rapidly in the DCP than in the SCP, and the effect
of aging on the DCP vessel density was sex-dependent. Our findings suggest that age and sex should be considered
when interpreting clinical quantitative OCTA data.
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Background

The retina, one of the most metabolically active tis-
sues in the body, has a unique vascular system to meet
the high oxygen demand required for metabolism [1]. A
sound retinal vascular system is essential for maintaining
normal retinal metabolism and visual function, and reti-
nal diseases can be diagnosed or predicted based on its
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evaluation. Optical coherence tomography angiography
(OCTA) is a new non-invasive fundus imaging technique
for high-resolution retinal microcirculation assessment
[2—4]. The retinal capillary system can be divided into
three major plexuses using OCTA: the superficial retinal
capillary plexus (SCP), the intermediate retinal capillary
plexus, and the deep retinal capillary plexus (DCP) [5].
However, due to projection artifacts, the retinal capil-
lary plexus is commonly separated into only the SCP and
DCP. The vessel densities from these two areas decrease
to different extents in diseases such as age-related macu-
lar degeneration and diabetic retinopathy [6—8].

Like other organs, the retinal vascular system changes
with age [9]. Thus, it is critical to distinguish age-related
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physiological changes from pathological alterations of
the retinal vascular system. Some studies have shown
that aging is negatively associated with vessel density of
the whole measured area and/or parafovea in the SCP
and DCP [5, 10-12], but others have found that the asso-
ciation is not significant [13-15]. It remains unknown
whether the relationship between the change in the reti-
nal microvasculature and aging is linear. Additionally,
some studies indicate sex differences in age-related car-
diovascular and cerebrovascular changes [16, 17]. Some
studies found that men had higher SCP vessel density
than women [11, 18]; however, others have not found
this [13]. Therefore, we aimed to determine whether the
changes in the patterns of SCP and DCP vessel densi-
ties are age-dependent. Further, we explored whether the
male or female sex plays a role in these changes. To help
us answer these, we quantified vascular macular variables
in healthy eyes and investigated their relationship with
age and sex.

Methods

Study design and participants

The data for this study were derived from the Jidong Eye
Cohort Study (JECS), a population-based multipurpose
study conducted in the Jidong communities of Tangshan,
Northern China. The details of the study have been pub-
lished previously [19]. The study was approved by the
Ethics Committee of Staft Hospital of the Jidong Oil-Field
of Chinese National Petroleum (China National Petro-
leum Corporation Jidong Oil-Field Branch Staff Hospital
approval document of the medical ethics committee, No.
2018 YILUNZI 1) and was performed in accordance with
the tenets of the Declaration of Helsinki. All participants
provided written informed consent.

Data were collected from 3377 participants who under-
went a comprehensive examination between August 2019
and January 2020. Inclusion criteria were age between
20 and 80 years and axial length (AL) between 23 and
25 mm. Participants were excluded if they had systemic
pathologies such as hypertension, diabetes, cerebrovas-
cular diseases, cardiovascular diseases, cancer, autoim-
mune diseases; ocular diseases; pathological changes on
optical coherence tomography (OCT) scans; poor-quality
OCTA scan images; or best-corrected visual acuity worse
than 20/25. One eye from each participant was included
in the analysis. The right eye was selected if both eyes
met the criteria for the study.

Assessment of general variables

Participants were interviewed and completed a struc-
tured questionnaire on demographic characteristics,
smoking habits, alcohol consumption, and medical his-
tory. The height and weight of each participant were
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measured, and body mass index (BMI) was calculated.
Blood pressure was measured using an automatic digital
blood pressure monitor. Mean arterial pressure (MAP)
was calculated as one third systolic blood pressure plus
two thirds diastolic blood pressure. Blood samples were
obtained by venipuncture to determine fasting blood
glucose. Hypertension was defined as having systolic
blood pressure>140 mmHg or diastolic blood pres-
sure >90 mmHg. Diabetes was defined as having a fast-
ing glucose concentration of >126 mg/dl. Self-reported
history of hypertension or diabetes medication use, and
diagnostic history of hypertension or diabetes were also
recorded.

Ophthalmic examination

The ophthalmic examination included visual acuity test-
ing with a standard logarithmic visual acuity chart, non-
cycloplegic objective refraction with an autorefractor
(Topcon KR-800; Topcon Tokyo, Japan), and subjective
refraction with trial frames to obtain the best-corrected
visual acuity. Measurements of AL and central corneal
thickness (CCT) were obtained using the Lenstar LS 900
(Haag-Streit, Koeniz, Switzerland). The anterior ocular
segments were examined using a slit-lamp microscope,
and the posterior ocular segments were examined using
a fundus camera (Canon CR-2AF; Canon, Tokyo, Japan)
and a spectral-domain OCT device (AngioVue; Optovue,
Fremont, CA, USA).

OCTA and OCT images were acquired using a spec-
tral-domain OCT device. OCTA images of the macula,
centered on the fovea, were acquired using the 3 x 3 mm
scan with a scan density of 304 x 304 A-scans. Scan
images with poor quality such as signal strength index
(SSI)<7, obvious motion artifacts, poor centering, or
incorrect segmentations were excluded. The vessel den-
sity of the SCP and DCP was measured automatically
by the software (version 2017.1.0.155) in the device. The
projection artifacts in the DCP were removed by the
device’s in-built 3D projection artifacts removal algo-
rithms. Vessel density was defined as the percentage
of the vessel area with blood flow in the sample area.
The SCP was set from the internal limiting membrane
to 9 um above the lower boundary of the inner plexi-
form layer. The DCP was set from 9 pm above the lower
boundary of the inner plexiform layer to 9 um below the
lower boundary of the outer plexiform layer. Vessel den-
sity was automatically generated by the instrument based
on the 3 mm partial Early Treatment Diabetic Retinopa-
thy Study grid (Fig. 1). The measured area was the whole
3 mm circular area centered on the fovea. The parafovea
was the area of the 1-3 mm concentric rings at the center
of the fovea; it was further divided into four quadrants
(temporal, superior, nasal, and inferior).
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Fig. 1 Macular vessel density in the fovea, parafovea, and four quadrants (temporal, superior, nasal and inferior) were calculated based on the
ETDRS contour. a Superficial retinal capillary plexus; b Deep retinal capillary plexus. ETDRS, Early Treatment Diabetic Retinopathy Study
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Statistical analysis
Participants were divided into five age groups, i.e.,
20-29 years, 30-39 years, 40-49 years, 50-59 years,
and 60 years or older. Continuous variables, shown as
mean £ standard deviation (SD), were analyzed using
t-tests or one-way analysis of variance. Categorical vari-
ables, expressed as counts (percentages), were analyzed
using the x° test or Fisher’s exact test, as appropriate.
Restricted cubic splines with four knots (5th, 35th,
65th, and 95th centiles) were used to flexibly model the
association of age with angiographic parameters after
adjusting for sex, education, current smoking status, cur-
rent drinking status, MAP, BMI, AL, and SSI. The same
association analysis was also performed in a population
stratified by sex. Multivariate generalized linear regres-
sion analysis was used to determine the association of
age with angiographic parameters. The B coefficients
were reported with 95% confidence intervals (Cls). A P
value of less than 0.05 was considered statistically sig-
nificant. Statistical analyses were performed using SPSS
25.0 (IBM, Inc., Chicago, IL, USA) and R 4.1.0 (https://
www.R-project.org).

Results

Baseline characteristics of eligible participants

Of the 3347 JECS participants (n=6645 eyes) with
OCTA images, 1036 participants (n=1783 eyes) met our
inclusion and exclusion criteria. Given that one eye per
participant was imaged, a total of 1036 eyes from 1036
participants were analyzed (Fig. 2).

Table 1 shows the demographic, systemic, and ocu-
lar characteristics of the 1036 included participants
based on age. The mean age was 40.449.8 years (range,
22-79 years), and 449 (43.3%) participants were males.
Compared with their younger counterparts, older partic-
ipants had a lower educational level, shorter AL, higher
MAP, higher spherical equivalent refraction, and lower
SSI. In addition, there were statistically significant differ-
ences in the current smoking and drinking status among
different age groups of males (see Additional file 1:
Table S1), and remarkable differences in BMI among
different age groups of females (see Additional file 1:
Table S2).

Vessel density by age groups

In both the SCP and DCP, the mean vessel densities
began to decrease significantly in almost all regions at 50
to 59 years (Fig. 3). Vessel densities of the whole meas-
ured area, parafovea, and four quadrants in the SCP and
DCP stratified by age and sex are shown in Additional
file 1: Table S3. The trend of mean vessel density change
with age was not consistent between males and females
(see Additional file 1: Fig. S1).

Associations of each age group with the vessel density

Table 2 shows the association of age with vessel density
in the whole population after adjusting for confounders.
In the SCP, compared to the 30- to 39-year age group, the
50- to 59-year age group had a significantly lower ves-
sel density in the whole measured area (8, —0.96; 95%
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6754 eyes of 3377 participants from
the Jidong Eye Cohort Study

No OCTA data (n = 109 eyes)

A4

6645 eyes from
3347 participants

Age < 20 years or > 80 years (n = 4 eyes)

AL<23 mm or AL>25mm (n = 3223 eyes)

Systemic pathologies (e.g. Hypertension and

y

3418 eyes from
1867 participants

diabetes) (n = 1081 eyes)

Ocular diseases and pathological changes on

OCT scans (n = 52 eyes)

Poor-quality OCTA scan images (e.g. SSI <7

and obvious motion artifacts) (n = 79 eyes)

Best-corrected visual acuity worse than 20/25

(n =423 eyes)

v

1783 eyes from
1036 participants

\4

One eye per participant (If both eyes were

available, right eye was selected):
1036 eyes from 1036 participants

image

Fig. 2 Inclusion and exclusion criteria of study eyes. AL, axial length; SSI, signal strength index of optical coherence tomography angiography

CIL, —1.41 to—0.50), parafovea (3, —1.07; 95% CI,—1.56
to—0.58), and four quadrants (Table 2). Significant
associations were also found in all investigated regions,
except for the nasal and inferior regions of the > 60-year
age group. In the DCP, compared to the 30- to 39-year
age group, the 40- to 49-year age group showed a signifi-
cantly lower vessel density in the whole measured area
(B,—0.73; 95% CI, —1.13 to—0.33), parafovea (3, —0.72;
95% CI,—1.14 to—0.30), and four quadrants (Table 2).

Significant associations for vessel density were also found
for the 50- to 59-year and the > 60-year age groups.

Restricted cubic spline analysis for age-related change

in vessel density in the whole population

To visualize the relationship between age and vessel den-
sity, we used restricted cubic splines to characterize how
vessel density in the SCP and DCP varies with age in the
whole population (Fig. 4). In the SCP, the vessel densities
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Table 1 Baseline characteristics of eligible participants in the study
Total (n=1036) Age group (years) P
20-29 30-39 40-49 50-59 >60
(n=79) (n=516) (n=240) (n=153) (n=48)
Age (mean=£SD, years) 404+£938 270+£19 3444126 443429 533126 65.2+4.1 <0.001
Male, n (%) 449 (43.3%) 32 (40.5%) 229 (44.4%) 90 (37.5%) 70 (45.8%) 28 (58.3%) 0.07
Education level, n (%) <0.001
Middle school and below 214 (20.7) 5(6.3) 35 (6.8) 68 (28.3) 70 (45.8) 36 (75.0)
College/University 813 (78.5) 74 (93.7) 473 (91.7) 172 (71.7) 82 (53.6) 12 (25.0)
Current smoking, n (%) 202 (19.5) 16 (10.3) 96 (18.6) 52(21.7) 31(20.3) 7(14.6) 0.79
Current drinking, n (%) 124 (12.0) 6(7.6) 53(10.3) 38 (15.8) 22 (14.4) 5(104) 012
BMI (kg/mz) 238+33 233+42 236134 241+£33 238+2.7 240126 0.18
MAP (mmHg) 875+89 87.1+83 86.2+8.6 88.8+9.1 892494 90.0£9.0 <0.001
SE (D) —15+£1.7 —17£15 —19+16 —13+16 —05+14 05411 <0.001
AL (mm) 240+06 241+£05 241106 239406 238106 237405 <0.001
SSI 86106 86+0.7 86106 86106 86106 83+08 0.004

SD =standard deviation; BMI=body mass index; MAP=mean arterial pressure; SE=spherical equivalent refraction; D= diopter; AL=axial length; SS/=signal
strength index of optical coherence tomography angiography image
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30-39 years
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Fig. 3 The vessel densities in the SCP (a) and DCP (b) measured with OCTA and stratified by age. Data are shown as mean = standard error.
*Indicates statistical difference compared with the 20- to 29-year age group (P<0.05). SCP, superficial retinal capillary plexus; DCP, deep retinal
capillary plexus; OCTA, optical coherence tomography angiography
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Fig. 4 Association of age with vessel densities in the retinal capillary plexus in the whole study population. a Whole measure area; b Parafovea; c
Temporal; d Superior; e Nasal; f Inferior. In the SCP (dashed line) and DCP (solid line), the vessel densities decreased non-linearly with age. There
was a rapid decline in vessel density at the age of 35-50 years in the DCP compared with the SCP. Models were adjusted for sex, education, current
smoking status, current drinking status, body mass index, axial length, and signal strength index of optical coherence tomography angiography
image. SCP, superficial retinal capillary plexus; DCP, deep retinal capillary plexus

in all regions, except for temporal and nasal regions, non-
linearly decreased with age (all non-linear P<0.05). Vessel
densities in most regions were stable or slightly increased
with aging until they began to decrease at the age of
40 years. In the DCP, vessel densities in all regions non-lin-
early decreased with aging (all non-linear P<0.05). Vessel
densities in all regions slightly increased before the age of
35 years but began to decrease after the age of 35 years. In
addition, at the age of 35 to 50 years, the DCP vessel densi-
ties decreased more rapidly than the SCP vessel densities.

Restricted cubic spline analysis for age-related changes
in vessel density in the population stratified by sex
In the SCP, vessel densities of male participants
decreased linearly with age in all regions (P <0.05), except
for the nasal (P=0.21) and inferior (P=0.17) regions.
Among female participants, vessel densities decreased
linearly with age only in the parafovea (P=0.03) and infe-
rior (P=0.008) regions. There were no age-by-sex inter-
actions in changes in SCP with aging (all P> 0.20; Fig. 5).
In the DCP, vessel densities of female participants
showed a non-linear decline with age in all regions (all
non-linear P<0.05). The vessel densities showed no
significant change or a slight decrease after the age of

50 years. However, the vessel densities of male partici-
pants declined linearly with age in all regions (P<0.05),
except for the inferior regions (P=0.14). Age-by-sex
interactions were significant in the parafovea, temporal,
and inferior quadrants in the DCP (P=0.04, P=0.005,
and P=0.01, respectively; Fig. 6).

Discussion
The current study demonstrated that the change pat-
terns of the SCP and DCP vessel densities markedly dif-
fered by age and sex. We found that the vessel density in
both the SCP and DCP decreased non-linearly with age;
the DCP vessel density began to decrease significantly
at approximately 35 years of age, which was earlier than
the SCP (~40 years of age). Moreover, the vessel density
in the DCP declined more rapidly at 35-50 years of age
when compared with the SCP. Interestingly, the DCP ves-
sel density decreased non-linearly with age in females but
linearly with age in males. Notably, the DCP vessel den-
sity in females remained stable or slightly decreased after
50 years of age.

Our results show that in the whole population, unad-
justed SCP and DCP vessel densities do not change sig-
nificantly between 20 and 50 years of age but began to
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Fig. 5 Association of age with vessel densities in the SCP stratified by sex. a Whole measure area; b Parafovea; ¢ Temporal; d Superior; e Nasal; f
Inferior. In males (blue band), the SCP vessel densities in most regions decreased linearly with age. In females (red band), the SCP vessel densities of
parafovea and inferior regions decreased linearly with age. Models were adjusted for sex, education, current smoking status, current drinking status,
body mass index, axial length, and signal strength index of optical coherence tomography angiography image. SCP, superficial retinal capillary
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decrease after. This finding is consistent with the results
of previous studies [13, 18]. However, after adjusting for
confounding factors such as sex, AL, and SSI, we dem-
onstrated that the critical age for the significant decrease
of vessel density in the DCP was earlier than that in the
SCP (Table 2). Therefore, we hypothesize that the trend
of decreasing retinal vessel density with age is non-linear
and that the changes in SCP and DCP are inconsistent.
The restricted cubic spline function further revealed
the non-linear variation of retinal capillary plexus ves-
sel density with age. The SCP vessel density remained
stable or slightly increased with age until it began to
decline at about 40 years of age, while the DCP vessel
density increased with age and began to decline at about
35 years of age. Although there was an upward trend in
retinal capillary plexus vessel density before the age of
35-40 years, the difference was small and not statistically
significant. This is consistent with the results from Abay
et al’s study [20]. Age-related decrease in retinal capillary
plexus vessel density may be related to age-related reti-
nal capillary occlusion and atrophy [21]. Compared with
the SCP, the DCP is more vulnerable to aging because
of the long distance from this plexus to the larger arteri-
oles, higher capillary density, smaller loop area and vessel
gap, and higher metabolic demand [22-24]. In addition,

Borrelli et al. [25] reported that DCP vessel density was
strictly dependent on retinal thickness, which also has
been shown to become thinner with age [26, 27].

If we used the 30- to 39-year age group as a reference,
the average whole and parafovea vessel density in the SCP
decreased by 1.21% and 1.11% per decade and in the DCP
decreased by 1.74% and 1.65% per decade after 40 years
of age. Further, we demonstrated that the decline rate of
vessel density in the DCP was higher compared with the
SCP at 35-50 years of age, but the decline rate was similar
after 50 years of age. Previous studies found that the aver-
age annual decline rate of vessel density in the DCP was
higher than that observed in the SCP [5, 10], while other
studies did not find any differences [12, 28]. This may be
because the results of the average annual or decadal aver-
age decline rate could have masked the difference in the
rate of decrease of vessel density. The reason why the DCP
vessel density decreases more rapidly between the ages
of 35 and 50 is unclear. We speculate that at this age, the
human body is about to enter or is entering middle age,
and senescence accelerates [29, 30]. Because of its histo-
logical characteristics, vessel density in the DCP decreases
more rapidly than that in the SCP. This may explain why
the critical age for the significant decline of vessel density
in the DCP was earlier than that found in the SCP.
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Fig. 6 Association of age with vessel densities in the DCP stratified by sex. a Whole measure area; b Parafovea; ¢ Temporal; d Superior; e Nasal; f
Inferior. The DCP vessel densities in most regions decreased linearly with age in males (blue band). On the other hand, the DCP vessel densities
in all regions decreased non-linearly with age and remained stable or slightly declined after 50 years in females (red band). Models were adjusted
for sex, education, current smoking status, current drinking status, body mass index, axial length, and signal strength index of optical coherence
tomography angiography image. DCP, deep retinal capillary plexus

Our study shows that sex had impacted DCP vessel
density with respect to age. In the DCP, vessel densities in
females were higher than those in males. Consistent with
our results, Wang et al. [11] reported that a higher deep
capillary network was associated with the female sex.
Notably, hormone therapy has been reported to be benefi-
cial in postmenopausal women with ocular vascular dis-
eases [31, 32], suggesting that retinal vessels are protected
by estrogen but damaged by androgens [33]. Our results
showed that DCP vessel densities in females increased
before the age of 35 years probably with a high level of
estrogen, then rapidly decreased probably due to decreas-
ing levels of estrogen, and remained stable or only slightly
decreased after the age of 50 years with relatively low level
of estrogen. DCP vessel densities in males decreased line-
arly with age perhaps due to effects of androgens or other
non-measured factors. Differences in sex hormones might
account for higher DCP in women in each area and age
group when compared with men. Additionally, we should
not ignore the effects of menopause on SCP and DCP in
post-menopausal women. However, sex differences in
retinal capillaries and their age-related changes need to be
validated further, and the potential mechanism underly-
ing this phenomenon should be explored in future studies.

The large sample size, comprehensive vessel density
regions assessed, and adjustment for associated demo-
graphic, systemic, and ocular factors, enabled us to ana-
lyze age- and sex-related changes in the retinal capillary
plexus. However, our study also has some limitations.
First, as the design of our study was cross-sectional in
nature, our results require further validation by longi-
tudinal studies. Second, this study included a healthy
population from only one center. Therefore, our study
population may not adequately represent the entire Chi-
nese population and generalization of the findings to
other ethnicities would be limited. Third, we did not cor-
rect the magnification of the image before the analysis.
To reduce the influence of magnification, this study only
included eyes with AL in the range of 23-25 mm and
selected the parafovea vessel density that was less affected
by the magnification as the primary outcome [34]. Statis-
tical analyses were also adjusted for AL as a confounding
factor to minimize the impact of magnification.

Conclusions

In conclusion, we demonstrate here that vessel densi-
ties in the SCP and DCP declined with age in a non-lin-
ear manner. The DCP vessel density began to decrease
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significantly at about 35 years of age, which was ear-
lier when compared with the SCP (~40 years of age).
Compared with the SCP, the vessel density in the DCP
decreased more rapidly at 35-50 years of age. The DCP
vessel density also remained stable or slightly decreased
after 50 years of age in females. Therefore, age and sex
should be considered when analyzing macular vessel den-
sity in diseased eyes.

Abbreviations

SCP: Superficial retinal capillary plexus; DCP: Deep retinal capillary plexus;
OCTA: Optical coherence tomography angiography; JECS: Jidong Eye Cohort
Study; AL: Axial length; OCT: Optical coherence tomography; BMI: Body mass
index; MAP: Mean arterial pressure; CCT: Central corneal thickness; SSI: Signal
strength index; SD: Standard deviation; Cl: Confidence interval.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540662-022-00307-0.

Additional file 1: Figure S1. Vessel densities of the whole measured area,
parafovea, and four quadrants (temporal, superior, nasal, and inferior) in
the (a, ¢) SCP and (b, d) DCP measured with optical coherence tomog-
raphy angiography stratified by age in males and females. Table S1.
Baseline characteristics of male participants in the study. Table S2.
Baseline characteristics of female participants in the study. Table S3. Ves-
sel densities of the whole measured area, parafovea, and four quadrants in
the SCP and DCP stratified by age and sex.

Acknowledgements

The authors thank the Jidong community, Tangshan City, Hebei Province,
China, for its collaboration, especially the participants and research staff who
took part in this study. Additionally, we thank Ruike Donghua Translational
Medical Research Center Co. Ltd. for supporting the project.

Author contributions

BBS, ML, FL, and LLC conceived and designed the study. KY, XXZ, YFX, KAS,
and CML collected the data and contributed to image analysis. BBS, XXZ,

and ML analyzed the data. BBS, ML, JQ, FL, and LLC critically reviewed the
manuscript for intellectual content. BBS and ML drafted the manuscript. ML,
JQ, and FL offered administrative, technical, and/or material support. ML, FL,
and LLC funded the study. All authors contributed to manuscript revision and
approved the final version of the manuscript. All authors read and approved
the final manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (Grant No. 81900903), Zhejiang Provincial Natural Science Foundation
of China (Grant No. LY22H120007), National Key R&D Program of China (Grant
Nos. 2020YFC2008200 and 2019YFC0840708), and Wenzhou Science and
Technology Program (Grant No. Y20210984).

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding authors upon reasonable request.

Declarations

Ethics approval and consent to participate

The study was approved by the Staff Hospital of the Jidong Oil-Field of Chi-
nese National Petroleum (2018 YILUNZI 1) and was performed in accordance
with the tenets of the Declaration of Helsinki. All participants provided written
informed consent before participating in the study.

Page 10 of 11

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 7 May 2022 Accepted: 24 August 2022
Published online: 01 October 2022

References

1.

Yu DY, Cringle SJ. Oxygen distribution and consumption within the retina
in vascularised and avascular retinas and in animal models of retinal
disease. Prog Retin Eye Res. 2001;20(2):175-208.

Jia'Y, Bailey ST, Hwang TS, McClintic SM, Gao SS, Pennesi ME, et al.
Quantitative optical coherence tomography angiography of vascu-

lar abnormalities in the living human eye. Proc Natl Acad Sci U S A.
2015;112(18):E2395-402.

Spaide RF, Fujimoto JG, Waheed NK;, Sadda SR, Staurenghi G. Optical
coherence tomography angiography. Prog Retin Eye Res. 2018;64:1-55.
Tey KY, Teo K, Tan ACS, Devarajan K, Tan B, Tan J, et al. Optical coherence
tomography angiography in diabetic retinopathy: a review of current
applications. Eye Vis (Lond). 2019;6:37.

Garrity ST, lafe NA, Phasukkijwatana N, Chen X, Sarraf D. Quantitative
analysis of three distinct retinal capillary plexuses in healthy eyes using
optical coherence tomography angiography. Invest Ophthalmol Vis Sci.
2017,58(12):5548-55.

Ashraf M, Sampani K, Clermont A, Abu-Qamar O, Rhee J, Silva PS, et al.
Vascular density of deep, intermediate and superficial vascular plexuses
are differentially affected by diabetic retinopathy severity. Invest Ophthal-
mol Vis Sci. 2020;61(10):53.

You QS, Wang J, Guo Y, Flaxel CJ, Hwang TS, Huang D, et al. Detec-

tion of reduced retinal vessel density in eyes with geographic atrophy
secondary to age-related macular degeneration using projection-
resolved optical coherence tomography angiography. Am J Ophthalmol.
2020;209:206-12.

Sun C, Ladores C, Hong J, Nguyen DQ, Chua J, Ting D, et al. Systemic
hypertension associated retinal microvascular changes can be

detected with optical coherence tomography angiography. Sci Rep.
2020;10(1):9580.

LinY, Jiang H, Liu Y, Rosa Gameiro G, Gregori G, Dong C, et al. Age-related
alterations in retinal tissue perfusion and volumetric vessel density. Invest
Ophthalmol Vis Sci. 2019;60(2):685-93.

WeiY, Jiang H, ShiY, Qu D, Gregori G, Zheng F, et al. Age-related altera-
tions in the retinal microvasculature, microcirculation, and microstruc-
ture. Invest Ophthalmol Vis Sci. 2017;58(9):3804-17.

. Wang Q, Chan S, Yang JY, You B, Wang YX, Jonas JB, et al. Vascular density

in retina and choriocapillaris as measured by optical coherence tomogra-
phy angiography. Am J Ophthalmol. 2016;168:95-109.

Coscas F, Sellam A, Glacet-Bernard A, Jung C, Goudot M, Miere A, et al.
Normative data for vascular density in superficial and deep capillary
plexuses of healthy adults assessed by optical coherence tomography
angiography. Invest Ophthalmol Vis Sci. 2016;57(9):211-23.

You QS, Chan JCH, Ng ALK, Choy BKN, Shih KC, Cheung JJC, et al. Macular
vessel density measured with optical coherence tomography angi-
ography and its associations in a large population-based study. Invest
Ophthalmol Vis Sci. 2019;60(14):4830-7.

Sato R, Kunikata H, Asano T, Aizawa N, Kiyota N, Shiga Y, et al. Quantitative
analysis of the macula with optical coherence tomography angiography
in normal Japanese subjects: the Taiwa Study. Sci Rep. 2019;9(1):8875.
Falavarjani KG, Shenazandi H, Naseri D, Anvari P, Kazemi P, Aghamoham-
madi F, et al. Foveal avascular zone and vessel density in healthy subjects:
an optical coherence tomography angiography study. J Ophthalmic Vis
Res. 2018;13(3):260-5.

Kane AE, Howlett SE. Differences in cardiovascular aging in men and
women. Adv Exp Med Biol. 2018;1065:389-411.

Ward JL, Craig JC, Liu Y, Vidoni ED, Maletsky R, Poole DC, et al. Effect of
healthy aging and sex on middle cerebral artery blood velocity dynamics


https://doi.org/10.1186/s40662-022-00307-0
https://doi.org/10.1186/s40662-022-00307-0

Su et al. Eye and Vision

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

(2022) 9:38

during moderate-intensity exercise. Am J Physiol Heart Circ Physiol.
2018;315(3):H492-501.

Hashmani N, Hashmani S, Murad A, Baig N. Macular vascular density at
the superficial capillary plexus using the optical coherence tomography
angiography. Clin Ophthalmol. 2019;13:295-302.

Yang K, Cui L, Zhang G, Wang X, Zhu X, Xiao Y, et al. The Jidong Eye
Cohort Study: objectives, design, and baseline characteristics. Eye Vis
(Lond). 2020;7(1):58.

Abay RN, Akdeniz G, Katipoglu Z, Kerimoglu H. Normative data assess-
ment of age-related changes in macular and optic nerve head vessel
density using optical coherence tomography angiography. Photodiagno-
sis Photodyn Ther. 2022;37:102624.

Bird AC, Weale RA. On the retinal vasculature of the human fovea. Exp Eye
Res. 1974;19(5):409-17.

Bonnin S, Mané V, Couturier A, Julien M, Paques M, Tadayoni R, et al. New
insight into the macular deep vascular plexus imaged by optical coher-
ence tomography angiography. Retina. 2015;35(11):2347-52.

Chan G, Balaratnasingam C, Yu PK, Morgan WH, McAllister IL, Cringle SJ,
et al. Quantitative morphometry of perifoveal capillary networks in the
human retina. Invest Ophthalmol Vis Sci. 2012;53(9):5502-14.

Garrity ST, Paques M, Gaudric A, Freund KB, Sarraf D. Considerations in the
understanding of venous outflow in the retinal capillary plexus. Retina.
2017;37(10):1809-12.

Borrelli E, Toto L, Viggiano P, Evangelista F, Palmieri M, Mastropasqua R.
Widefield topographical analysis of the retinal perfusion and neuroretinal
thickness in healthy eyes: a pilot study. Eye (Lond). 2020;34(12):2264-70.
Khawaja AP, Chua S, Hysi PG, Georgoulas S, Currant H, Fitzgerald TW,

et al. Comparison of associations with different macular inner retinal
thickness parameters in a large cohort: the UK Biobank. Ophthalmology.
2020;127(1):62-71.

von Hanno T, Lade AC, Mathiesen EB, Peto T, Njglstad |, Bertelsen G.
Macular thickness in healthy eyes of adults (N = 4508) and relation to sex,
age and refraction: the Tromsg Eye Study (2007-2008). Acta Ophthalmol.
2017;95(3):262-9.

lafe NA, Phasukkijwatana N, Chen X, Sarraf D. Retinal capillary density and
foveal avascular zone area are age-dependent: quantitative analysis using
optical coherence tomography angiography. Invest Ophthalmol Vis Sci.
2016;57(13):5780-7.

Wertz J, Caspi A, Ambler A, Broadbent J, Hancox RJ, Harrington H, et al.
Association of history of psychopathology with accelerated aging at
midlife. JAMA Psychiatry. 2021;78(5):530-9.

Machino M, Ito K, Ando K, Kobayashi K, Nakashima H, Kato F, et al.
Normative magnetic resonance imaging data of age-related degen-
erative changes in cervical disc morphology. World Neurosurg.
2021;152:e502-11.

Faria AF, de Souza MA, Geber S.Vascular resistance of central retinal artery
is reduced in postmenopausal women after use of estrogen. Menopause.
2011;18(8):869-72.

Deschénes MC, Descovich D, Moreau M, Granger L, Kuchel GA, Mikkola
TS, et al. Postmenopausal hormone therapy increases retinal blood flow
and protects the retinal nerve fiber layer. Invest Ophthalmol Vis Sci.
2010;51(5):2587-600.

Toker E, Yenice O, Akpinar |, Aribal E, Kazokoglu H. The influence of sex
hormones on ocular blood flow in women. Acta Ophthalmol Scand.
2003;81(6):617-24.

Sampson DM, Gong P, An D, Menghini M, Hansen A, Mackey DA, et al.
Axial length variation impacts on superficial retinal vessel density and
foveal avascular zone area measurements using optical coherence
tomography angiography. Invest Ophthalmol Vis Sci. 2017;58(7):3065-72.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Age- and sex-related differences in the retinal capillary plexus in healthy Chinese adults
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design and participants
	Assessment of general variables
	Ophthalmic examination
	Statistical analysis

	Results
	Baseline characteristics of eligible participants
	Vessel density by age groups
	Associations of each age group with the vessel density
	Restricted cubic spline analysis for age-related change in vessel density in the whole population
	Restricted cubic spline analysis for age-related changes in vessel density in the population stratified by sex

	Discussion
	Conclusions
	Acknowledgements
	References


