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Purpose: Optical coherence tomography angiography (OCTA) allows noninvasive observa-
tion of the retinal vasculature, and image analysis can be used to calculate the retinal vessel 
density and foveal avascular zone (FAZ) area. A previous study showed that macular vessel 
density and the signal strength index (SSI) of OCTA images increased significantly after 
cataract surgery. However, the effect of aging on OCTA analysis remains unclear. This study 
aimed to investigate age-related changes in macular vascularization while excluding the 
effects of cataracts.
Patients and Methods: OCTA imaging of the macula was performed in adult patients who 
had undergone cataract surgery between February 2018 and May 2019 and in young healthy 
participants between April 2017 and April 2018.
Results: The median (quartiles) age of the overall study population was 59.0 (27.0, 69.0) 
years, and no severe refractive error was observed (axial length: 24.2 ± 1.3 [mean ± SD] mm; 
spherical equivalent: 0.75 [−2.25, 0.00] diopter). When we investigated the relationship 
between macular vessel density and age after excluding the effects of cataracts, we found 
that the macular vessel density showed age-related changes even in the absence of the effects 
of the SSI. However, the FAZ area was not affected by age.
Conclusion: Macular vessel density decreased with age, even when the effects of cataracts 
were excluded. The effects of age and cataracts should be considered when designing studies 
and interpreting OCTA findings of the retinal vasculature.
Keywords: optical coherence tomography angiography, macular vessel density, foveal 
avascular zone, aging, cataract surgery

Introduction
Compared to fluorescein fundus angiography, optical coherence tomography angio-
graphy (OCTA) allows noninvasive observation of the retinal microvasculature and 
visualization of the retinal capillary network in layers.1 The en face image obtained by 
many OCTA devices can be divided into two layers, a superficial capillary plexus and 
a deep capillary plexus, using segmentation software built into the devices for image 
analysis. Removal of the projection artifact of superficial large retinal vessels in deep 
en face images has become possible in recent years. This approach allows accurate 
evaluation of the superficial and deep retinal microvasculatures.2,3 In this regard, 
studies have been conducted in not only macular diseases4 but also a wide range of 
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conditions, such as retinochoroidal diseases,5 glaucomas,6 

and optic nerve diseases.7 However, OCTA images are 
known to have noise and artifacts2 owing to poor fixation 
and opacity of the intermediate optic media; these factors 
adversely affect the accuracy of image analysis. Moreover, 
different parameters, such as age, sex, hypertension, dia-
betes, smoking status, and medication, have been shown to 
have significant impacts on quantitative OCTA metrics.8 In 
addition, macular vessel density and the signal strength 
index (SSI) of OCTA images increase significantly after 
cataract surgery, and the lens opacity significantly influences 
retinal blood flow measurements.9

Although recent evidence indicates that vessel density in 
the macula region decreases with age and SSI, it is unclear 
whether this deterioration is due to a true decrease in retinal 
microvascular density or attenuation of the OCTA signal due 
to cataract progression. Because OCTA has rapidly become 
a popular technology, how retinal microvascularity changes 
with age is a very important clinical issue. Therefore, in the 
present study, we examined the relationship between vessel 
density and age in eyes that had undergone cataract surgery 
by removing the effect of lens opacity. We performed OCTA 
examination of the macular area in patients who had 

undergone cataract surgery with intraocular lens implanta-
tion and in young healthy participants. Using this approach, 
we investigated age-related changes in macular vasculariza-
tion while excluding the effects of cataracts.

Materials and Methods
Participants
This study was conducted in accordance with the 
Declaration of Helsinki and was approved by the 
Saitama Medical University Hospital Ethics Committee. 
(No;19028.01).

We prospectively recruited and collected data from 44 
eyes of 22 young healthy volunteers between April 2017 
and April 2018. For the post-cataract surgery group, we 
retrospectively collected the data of 28 eyes that had no 
ocular diseases other than cataracts and underwent suc-
cessful cataract surgery between February 2018 and 
May 2019. When OCTA examination was performed on 
both eyes, the right eye was analyzed (Figure 1). Written 
informed consent was obtained from all participants. 
Ophthalmological examinations were performed at the 
Department of Ophthalmology at Saitama Medical 
University Hospital and included visual acuity 

Figure 1 We prospectively recruited and collected data from 44 eyes of 22 young healthy volunteers between April 2017 and April 2018. Three of these eyes showed 
abnormalities in the circumpapillary retinal nerve fiber layer thickness and were excluded. As a result, 41 eyes from 22 participants were included. For the post-cataract 
surgery group, we retrospectively collected the data of 28 eyes that had no ocular diseases other than cataracts and underwent successful cataract surgery between 
February 2018 and May 2019. The optical coherence tomography angiography examination was performed on 28 eyes of 21 patients, and two eyes with a history of 
postoperative ocular hypertension were excluded. No eyes had postoperative optical coherence tomography abnormalities, such as macular edema. As a result, 26 eyes 
from 21 patients were included. When OCTA examination was performed on both eyes, the right eye was analyzed; therefore, 43 eyes in 43 participants were analyzed.
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examination, slit-lamp examination, non-contact intraocu-
lar pressure (IOP) examination (Tonoref II, Nidek Co., 
Ltd., Aichi, Japan), axial length (AL) examination, corneal 
thickness test (Optical Biometer OA-2000, Tomey Corp., 
Nagoya, Japan), OCT (Spectralis HRA 2, Heidelberg 
Engineering, Heidelberg, Germany), and OCTA (PLEX® 

Elite 9000, Carl Zeiss Meditec, Jena, Germany). Slit-lamp 
examination confirmed the absence of inflammation in the 
anterior chamber or vitreous and absence of posterior 
capsular opacification.

On the day of the OCTA examination, OCT examina-
tion was also performed, and the following measurements 
were recorded: circumpapillary retinal nerve fiber layer 
(cpRNFL) thickness, macular ganglion cell layer–inner 
plexiform layer (mGCL-IPL) thickness, macular inner 
plexiform layer–outer plexiform layer (mIPL-OPL) thick-
ness, and whole retinal thickness. We excluded patients 
who were suspected of having glaucomatous changes or 
optic nerve damage following OCT examination and those 
with eye diseases, such as macular edema, diabetic retino-
pathy, other macular diseases, and pseudoexfoliation 
syndrome.

OCTA
In this study, swept-source (SS) OCTA was performed on 
a 3×3 mm macular area centered on the fovea. The OMAG 
method, which measures changes in both the phase and 
amplitude, was used as the algorithm for creating vascular 
signals.10 Additionally, OCTA en face image stratification 
was performed using segmentation software built into the 
device. The slab between the internal limiting membrane 
and the IPL was defined as the superficial retinal layer 
(SRL), and that between the IPL and the OPL was classi-
fied as the deep retinal layer (DRL). The OCTA en face 
images were extracted. The OCTA en face images of the 
DRL were analyzed using the projection artifact removal 
software built into the device.

Image Analysis
Each OCTA en face image was analyzed using ImageJ 
software (http://rsb.info.nih.gov/ij/index.html). We calcu-
lated the foveal avascular zone (FAZ) area (mm2) with AL 
correction using ImageJ and an original macro language 
(Kanno-Saitama Macro [KSM] program). KSM is an auto-
mated analysis program that extracts the FAZ area, and 
detailed methods have been published previously.11 The 
extracted FAZ area showed excellent reproducibility and 
was comparable to that by manual measurement. Macular 

vessel density was binarized for the 3×3 mm OCTA image 
using the Otsu method,12 which showed excellent 
reproducibility.13 Furthermore, the ratio for the whole 
3×3 mm area of vessel signals, excluding the automati-
cally extracted FAZ region, was quantified as the macular 
vessel density (%) (Figure 2).

Statistical Analysis
We assessed the distribution of numerical variables by 
inspecting histograms and using the Shapiro–Wilk W-test 
of normality. Normally distributed variables (mean ± SD) 
were analyzed using the independent t-test. Non-normally 
distributed variables (median [quartiles]) were analyzed 
using the Mann–Whitney U-test. Categorical variables 
were compared using Fisher’s exact test. The correlations 
among macular vessel density, FAZ area, age, and retinal 
thickness were evaluated using the Pearson correlation coef-
ficient. The relationships between macular vessel density or 
FAZ area and variables such as age, AL, IOP, OCT-derived 
retinal thickness, and self-reported history of systemic dis-
ease were analyzed using univariate and multivariate mod-
els. P-values < 0.05 were considered statistically significant. 
All statistical analyses were performed using JMP version 
10.1 software (SAS Institute Inc., Cary, NC, USA) and 
STATA version 16 software (StataCorp LP, College 
Station, TX,USA).

Results
In the group of young healthy participants, three eyes 
showed abnormalities in the cpRNF thickness and were 
excluded. As a result, 41 eyes from 22 participants were 
included. In the post-cataract surgery group, the OCTA 
examination was performed on 28 eyes of 21 patients, 
and two eyes with a history of postoperative ocular hyper-
tension were excluded. No eyes had postoperative OCT 
abnormalities, such as macular edema. As a result, 26 eyes 
from 21 patients were included. When OCTA examination 
was performed on both eyes, the right eye was analyzed; 
therefore, 43 eyes in 43 participants were analyzed 
(Figure 1).

The median age of all participants was 59.0 (27.0, 
69.0) years, and no severe refractive error was observed 
(AL: 24.2 ± 1.3 mm, spherical equivalent: −0.75 [−2.25, 
0.00] diopter). The retinal thickness in the OCT examina-
tion was 97.1 ± 10.8 µm for cpRNFL, 57.5 (54.6, 61.0) 
µm for mGCL-IPL, 82.3 (79.7, 86.8) µm for mIPL-OPL, 
and 293.6 ± 11.9 µm for the whole retina. The SSI (mini-
mum value: 0; maximum value: 10) was 8 in all cases. For 
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the post-cataract surgery group, the median period 
between OCTA examination and cataract surgery was 8.0 
(5.0, 11.0) weeks. Macular vessel density of the SRL and 
DRL was significantly higher in young healthy partici-
pants than in post cataract surgery participants (p < 
0.001). However, there was no significant difference 
between young healthy participants and Post cataract sur-
gery participants in terms of the FAZ area for the SRL 
(p=0.217) and DRL (p=0.677). Of all the participants, 
20.9% had hypertension as an underlying disease, and 
6.9% had diabetes (Table 1). As shown in Figure 3, macu-
lar vessel density of both SRL and DRL showed 
a significant negative correlation with age (SRL: R2 = 
0.317, p < 0.001; DRL: R2 = 0.437, p < 0.001). 
However, the FAZ area of both SRL and DRL did not 
show a significant correlation with age (SRL: R2 = 0.016, 
p = 0.426; DRL: R2 = 0.011, p = 0.493).

Multivariate analysis showed that macular vessel den-
sity in the SRL had significant correlations with age (β = 
−0.098, p < 0.001), sex (β = 3.594, p = 0.001), and self- 

repoted history of hypertension (β = −1.701, p = 0.013) 
(Tables 2 and 3). Macular vessel density in the DRL 
showed significant correlations with age (β = −0.132, 
p < 0.001) and AL (β = 0.900, p = 0.042), but not with 
self-reported history of hypertension (β = 0.648, 
p=0.653) or diabetes (β = 1.449, p=0.523). The FAZ 
area in the SRL did not show any significant correlations 
in the univariate analysis. The FAZ area in the DRL 
tended to correlate with the AL (β = −0.085, p = 0.055) 
but did not showed significant correlation with age (β = 
0.001, p=0.581).

Macular vessel density of the SRL was significantly 
higher in women than in men (42.0 ± 3.9% vs 38.2 ± 
4.6%; p = 0.007). However, macular vessel density of the 
DRL was not significantly different between men and 
women (30.8 ± 4.9% vs 30.3 ± 4.7%, p = 0.708). 
Furthermore, there was no significant difference between 
men and women in terms of the FAZ area of the SRL 
(male, 0.30 ± 0.13; female, 0.34 ± 0.11; p = 0.306) and 
DRL (male, 1.26 ± 0.44; female, 1.38 ± 0.22; p = 0.279).

Figure 2 Optical coherence tomography angiography (OCTA) image (left), binarization image with the Otsu method for calculating the macular vessel density (mVD; 
middle), and the image obtained with the Kanno-Saitama Macro (KSM) method for calculating the foveal avascular zone (FAZ; right) area (upper, superficial layer; lower, deep 
layer).
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Discussion
Although accumulating evidence indicates that vessel den-
sity in the macula region decreases with age and SSI, it is 
unclear whether this deterioration is due to a true decrease 
in retinal microvascular or attenuation of the OCTA signal 
due to cataract progression. In the present study, we 
showed that the macular vessel density decreased with 
age, even after adjusting for the effect of the signal inten-
sity change induced by the cataracts. However, the FAZ 
area was not affected by age.

A previous study found that macular vessel density 
decreased with age,14 whereas another study showed that it 
was not correlated with age.15 OCTA image analysis is 
known to be affected by signal strength; particularly in the 
elderly, the signal intensity decreases because of fixation and 

opacity of the intermediate optic media, mainly due to catar-
acts. Macular vessel density15 and peripapillary vessel 
density16 are positively correlated with the SSI. Hence, the 
influence of SSI cannot be ignored in the quantitative analy-
sis of vessel density. A previous study9 showed that SSI was 
significantly improved, and macular vessel density was sig-
nificantly increased 1 week after cataract surgery; that study 
concluded that the lower density values before surgery were 
associated with lower image quality owing to media opaci-
ties, and the impact of cataracts on the OCTA assessment 
should always be considered. In our study, there was no 
significant difference in the SSI between young healthy 
eyes and post-cataract surgery eyes. Thus, it is possible to 
examine the factors affecting the macular microvascular 
architecture while excluding the effects of the SSI.

Table 1 Characteristics of Study Participants

Overall (n=43) Young Healthy 
Participants(n=22)

Post Cataract Surgery 
Participants (n=21)

p value

Age (years) 59.0 (27.0, 69.0) 27.5 (24.0, 37.0) 69.0 (64.5, 77.0) <0.001*

Sex (F/M) 18/25 10/12 8/13 0.759‡

BCVA (logMAR) −0.08 (−0.08, −0.08) −0.08 (−0.08, −0.08) −0.08 (−0.08, −0.08) 0.056*

SE (diopter) −0.75 (−2.25, 0.00) −0.88 (−2.5, 0.0) −0.75 (−2.4, 0.28) 0.342*

Axial length (mm) 24.2±1.3 24.3±0.90 24.2±1.6 0.769†

IOP (mmHg) 14.0 (11.0, 16.0) 14.0 (11.2, 15.7) 14.0 (11.0, 17.4) 0.715*

Mean retinal thickness

cpRNFL thickness (µm) 97.1±10.8 96.3±8.2 97.9±13.0 0.631†

mGCL-IPL thickness (µm) 57.5 (54.6, 61.0) 58.5 (55.3, 60.8) 55.4 (53.4, 62.2) 0.224*

mIPL-OPL thickness (µm) 82.3 (79.7, 86.8) 82.3 (80.2, 86.5) 82.9 (79.5, 87.4) 0.981*
Whole retinal thickness (µm) 293.6±11.9 294.2±9.0 293.0±14.6 0.749†

OCTA image examination

SSI 8.0 (8.0, 8.0) 8.0 (8.0, 8.0) 8.0 (8.0, 8.0) >0.999*

Period from after surgery 
(weeks)

8.0 (5.0, 11.0)

SRL-VD (%) 39.8±4.7 42.7±3.2 36.7±4.0 <0.001†

DRL VD (%) 30.6±0.7 33.6±3.1 27.5±4.2 <0.001†

SRL-FAZ (mm2) 0.32±0.12 0.33±0.10 0.30±0.14 0.217†

DRL-FAZ (mm2) 1.31±0.37 1.29±0.24 1.34±0.47 0.677†

Self-reported history of systemic disease

Hypertension, n (%) 9 (20.9) 1 (4.6) 8 (38.1) 0.009‡

Diabetes, n (%) 3 (6.9) 0 (0.0) 3(14.3) 0.108‡

Notes: *Mann–Whitney U-test, †t-test, ‡Fisher’s exact test. 
Abbreviations: BCVA, Best corrected visual acuity; logMAR, Logarithm of the minimum angle of resolution; SE, Spherical equivalent; IOP, Intraocular pressure; cpRNFL, 
Circumpapillary retinal nerve fiber layer; mGCL, Macular ganglion cell layer; mIPL, Macular inner plexiform layer; mINL, Macular inner nuclear layer; mOPL, Macular outer 
plexiform layer; OCTA, Optical coherence tomography angiography; SSI, Signal strength index; SRL, Superficial retinal layer; DRL, Deep retinal layer; FAZ, Foveal avascular 
zone.
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A large-scale study by You et al15 demonstrated that 
the parafoveal retinal vessel density in the SRL had sig-
nificant correlations with sex and SSI and borderline cor-
relations with age and AL, while the parafoveal vessel 
density in the DRL had significant correlations with SSI, 
AL, and creatinine levels. Although we did not perform 
blood tests in our study, we found that the other correla-
tions were similar even when the effects of SSI were 
excluded. In addition, Coscas et al demonstrated that 
macular vessel density was high in both the SRL and 
DRL in women.16 Consistently, the present study found 
that the macular vessel density in the SRL was higher in 
women and showed a significant correlation with sex. 
However, macular vessel density in the DRL did not 
show a significant difference based on sex. Spectral- 
domain OCTA was used in the study by Coscas et al, 
and no projection artifact removal was performed to ana-
lyze the deep retina.17 The use of SS-OCTA and projection 
artifact removal software is recommended for DRL analy-
sis, and further large studies with SS-OCTA and projection 
artifact removal software are needed.

The present study also demonstrated that the FAZ 
area was not affected by aging, even when the effect of 
the SSI was excluded. Consistently, most studies have 
shown no significant correlation of the FAZ area with 
age.18 However, one previous study observed that the 
superficial FAZ area had a positive correlation with 
age.19 Thus, a consensus has not been reached. In 

addition, one study showed that the FAZ area had sex- 
related differences and was larger in women than in men, 
and the FAZ area did not change with age in men but did 
so in women.20 Notably, the present study did not reveal 
a correlation of the FAZ area with age probably because 
it included more men than women. Moreover, Suda et al 
suggested that AL correlation in image analysis is impor-
tant when the FAZ area is measured using OCTA.21 

Linderman et al reported that the FAZ area had 
a negative correlation with the AL when the AL correc-
tion in image analysis was not considered; however, this 
correlation existed when the AL correction was 
considered.22 In our study, the FAZ area of the DRL 
showed a weak negative correlation with the AL. 
However, the number of cases was insufficient since 
there were only one and two cases with short AL of ≤ 
22 mm and long AL of ≥ 26.5 mm, respectively. Thus, 
the range of values for the AL might be inadequate to 
draw more definitive conclusions. Additional studies 
including a larger number of eyes with various AL 
should be performed to confirm these findings. 
Furthermore, one previous study showed that the FAZ 
area was highly variable between individuals.23 This 
might be one of the reasons why the FAZ did not show 
age-dependent changes in this study. Longitudinal studies 
may be more suitable for detecting age-dependent 
changes in parameters with such large individual 
differences.

Figure 3 Regression analysis of macular vessel density and foveal avascular zone (FAZ) area with age in the superficial and deep retinal layers. Retinal macular vessel density 
in both the superficial retinal layer (SRL) and deep retinal layers (DRL) showed significant negative correlations with age (SRL: R2 = 0.317, p < 0.001; DRL: R2 = 0.437, p < 
0.001). However, the FAZ area in the superficial and deep retinal layers was not correlated with age (SRL: R2 = 0.016, p =0.426; DRL: R2 = 0.011, p = 0.493).
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The study has several limitations. First, the sample size 
was small. Thus, further large population studies are needed. 
Second, systemic factors other than a self-reported history of 
hypertension and diabetes were not investigated. Third, the 
median period between OCTA examination and cataract 
surgery was 8 weeks, which might not have been sufficient; 
therefore, surgery-related effects, such as inflammation, can-
not be ruled out. Fourth, topical anti-inflammatory medica-
tion, topical steroidal and non-steroidal anti-inflammatory 
drugs, and antibiotic medications were routinely used after 
surgery; therefore, surgery-related effects, such as postopera-
tive medication, cannot be ruled out. However, OCT con-
firmed no pathological findings, including macular edema, 
and the slit-lamp exam recognized no intracameral or intra-
vitreal inflammation or posterior capsular opacification. Liu 
et al24 reported that there was no significant difference in 
parafoveal vessel density between 1 week and 3 months 
postoperatively. Thus, the impact of a short postoperative 
observation period on the assessment of macular vessel den-
sity might be minimal. We believe that OCTA images in this 

period are acceptable as a clinically realistic model that is not 
affected by lens opacity. Fifth, each OCTA examination was 
performed only once, and fluctuations within the day or 
between days were not considered. However, the OCTA 
device and binarization method used in this study were con-
firmed to show high reproducibility in previous studies11,13 

and were thus considered suitable for the analysis in the 
present study. Sixth, because the SS-OCTA device, Plex 
Elite 9000, does not have built-in software to analyze OCT 
parameters, we could not measure OCT and OCTA para-
meters with the same devices.

Conclusions
This study showed that the macular vessel density 
decreased with age, even when the effects of cataracts 
were excluded. However, the FAZ area might not be 
affected by age. Our findings suggest that the effects of 
age and cataracts should be considered when designing 
studies and interpreting OCTA findings of the retinal 
vasculature.

Table 2 Univariate and Multivariate Analyses of Factors Influencing Macular Vessel Density in the Superficial and Deep Retinal Layers

Univariate Analysis Multivariate Analysis

Factors β 95% CI p value Factors β 95% CI p value

Factors that Influence Superficial Macular Vessel Density

Age(years) −0.123 −0.180 - −0.066 <0.001 Age(years) −0.098 −0.149 - −0.047 <0.001

Sex(ref: M) 3.777 1.072–6.486 0.007 Sex(ref: M) 3.594 1.515–5.674 0.001

Axial length (mm) −0.950 −2.043–0.144 0.087
IOP (mmHg) −0.030 −0.045–0.390 0.886

Whole retinal thickness (µm) −0.002 −0.126–0.123 0.980

cpRNFL thickness (µm) 0.015 −0.127–0.158 0.827
mGCL-IPL thickness (µm) 0.159 −0.056–0.374 0.143

mIPL-OPL thickness (µm) −0.008 −0.309–0.294 0.960

Hypertension −2.424 −4.046 - −0.802 0.004 Hypertension −1.701 −3.023 - −0.379 0.013
Diabetes −1.145 −3.986 - −1.700 0.420

Factors that influence deep macular vessel density

Age(years) −0.147 −0.200 - −0.095 <0.001 Age(years) −0.132 −0.190 - −0.077 <0.001

Sex(ref: M) −0.561 −3.566–2.444 0.708
Axial length (mm) 1.259 0.175–2.343 0.024 Axial length (mm) 0.900 0.033–1.768 0.042

IOP (mmHg) −0.113 −0.535–0.310 0.593

Whole retinal thickness (µm) 0.096 −0.027–0.218 0.122
cpRNFL thickness (µm) −0.083 −0.222–0.056 0.236

mGCL-IPL thickness (µm) 0.003 −0.227–0.222 0.997
mIPL-OPL thickness (µm) 0.044 −0.263–0.351 0.775

Hypertension −1.522 −3.283–0.238 0.088 Hypertension 0.648 −2.241–3.538 0.653

Diabetes −2.749 −5.532 −0.033 0.053 Diabetes 1.449 −3.175–6.072 0.523

Abbreviations: IOP, Intraocular pressure; cpRNFL, Circumpapillary retinal nerve fiber layer; mGCL, Macular ganglion cell layer; mIPL, Macular inner plexiform layer; mINL, 
Macular inner nuclear layer; mOPL, Macular outer plexiform layer.
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Abbreviations
OCTA, Optical coherence tomography angiography; FAZ, 
Foveal avascular zone; SSI, Signal strength index; AL, Axial 
length; cpRNFL, Circumpapillary retinal nerve fiber layer; 
mGCL-IPL, Macular ganglion cell layer–inner plexiform 
layer; mIPL-OPL, Macular inner plexiform layer–outer plexi-
form layer; SS, Swept-source; SRL, Superficial retinal layer; 
DRL, Deep retinal layer; KSM, Kanno-Saitama Macro; mVD, 
Macular vessel density.
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