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normal healthy eyes over a wide age range, according to a cross-sectional study using swept-source optical coherence
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METHODS: This cross-sectional, prospective, observational study enrolled 222 eyes of 116 healthy participants with no ocular or
systemic disease. SS-OCTA images were captured using the PLEX Elite 9000 (Carl Zeiss Meditec Inc., Dublin, CA, USA) with a
6 × 6mm pattern centered on the foveal center. Vessel length density (VLD), perfusion density (PD), and FAZ parameters were
analyzed using the manufacturer’s automated software.
RESULTS: A significant negative correlation was observed between age and average VLD in the superficial plexus, and average PD
in both the superficial plexus and the whole retina. A significant positive correlation between age and foveal avascular zone
perimeter and area was also noted. Age-wise comparisons showed a trend for an increase in VLD and PD until 40 years of age, with
a subsequent decrease in the older age in the macular region. The central subfield showed a decrease in the vessel density
measurements in the 21–40 age group. FAZ area and perimeter were the mirror inverse of the central subfield vessel density
measurements with a numerically greater area and perimeter in the 21–40 age group compared to the 0–20 and 41–60 age groups.
FAZ circularity was significantly reduced after 40 years of age.
CONCLUSION: Age-related changes in the vessel density and FAZ parameters in the healthy macula are complex and vary with the
macular location. These results carry significance when interpreting the data from diseased eyes.
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INTRODUCTION
Optical coherence tomography angiography (OCTA) has signifi-
cantly enhanced our knowledge of the retinal and inner choroidal
microcirculation. OCTA, which utilizes decorrelation signals from
OCT scans obtained over time, allows the circulation to be
visualized in a depth-resolved volumetric fashion [1, 2], offering
significant advantages over conventional dye-based fundus
fluorescein angiography and indocyanine green angiography [3].
While OCTA cannot currently demonstrate leakage which can
provide insight into the integrity of the blood-retinal barrier, the
absence of obscuring leakage provides a clearer visualization of
the circulation, particularly the deeper layers. The deeper capillary
layers can be specifically impacted in various retinal vascular
diseases including diabetic retinopathy and retinal vascular
occlusive disease [4–8]. A specific phenotype of selective occlusion
of the deeper circulation, termed paracentral acute middle
maculopathy (PAMM), has also been described [9].
Recently, OCTA has become available on swept-source (SS) OCT

devices, which feature a tunable laser with a longer deeper-
penetrating wavelength (1050 nm) and faster scanning speed.
These devices offer some advantages over spectral-domain (SD)
OCT devices for evaluation of the choriocapillaris and inner
choroid [10].
OCTA has provided novel insights into the organization and

physiology of the normal healthy vasculature. These include a
detailed description of the number of layers in which the vascular
plexuses are arranged, regional variations between the macular and
peripapillary region, a hybrid model of series and parallel organiza-
tion of the microvascular blood flow, with an apparent directional
flow between the superficial (SCP) and deep capillary plexuses (DCP)
and preferential venous outflow at the level of the DCP [11–14].
Since the macula is amongst the metabolically most active tissues

of the body, it is affected by hypoxic conditions early on in many
disease states [15–17]. It is supplied by multiple surrounding capillary
plexuses for its high oxygen demand, and therefore, depends upon
the health of these capillary beds for its proper integrity and function
[18]. Understanding the normal circulation is a critical prerequisite for
understanding the impact of diseases. Characterizing the variation in
the normal circulation related to age, ethnicity, and retinal region is
essential. Not surprisingly, as with other vascular systems, changes
have been reported to occur in the retinal microvasculature with age
[19, 20]. The alterations occurring in the foveal avascular zone (FAZ)
and surrounding vessels with age in healthy eyes have been
described in the past [21–35]. Though the relationships are not
perfectly consistent, generally, a decreased perifoveal vessel density
and increased FAZ size have been reported with advancing age
[23–32]. The perimeter of the FAZ is supplied by both the SCP and
DCP which form a ring of interconnecting capillaries at the margin of

the FAZ [36, 37]. The FAZ zone is known to be sensitive to ischemic
events, and the shape and size of the normal FAZ correlate well with
foveal morphology [33]. Recently, researchers have reported early
evidence of alterations in the FAZ circularity in patients with diabetes
as compared with healthy eyes [38–40]. One important reason for
the lack of consistent results in all such studies may be related to the
age of the study cohort included for analysis. Thus, precise
information regarding age-related alterations in the FAZ and
surrounding retinal vasculature becomes a prerequisite to under-
stand the development in health and alterations in diseased states
[41]. To address this need, we assessed normal healthy eyes over a
wide age range using SS OCTA device which permits dense scanning
of the macular circulation to unravel the complex variations in these
structures as the age advances.

METHODS
Study design
This was a cross-sectional, observational study conducted at the
vitreoretinal clinic, Sankara Nethralaya, Chennai, India with subjects
recruited among patients reporting for a routine eye evaluation between
January 2019 through July 2020. It was approved by the Institutional
Review Board of the Vision Research Foundation, Chennai. The study was
performed in accordance with the Health Insurance Portability and
Accountability Act, and adhered to the tenets of the Declaration of
Helsinki. All the participants/guardians signed a written consent prior to
enrollment.

Study participants
In this study, we evaluated 222 eyes of 116 healthy participants with no
ocular or systemic disease. Major exclusion criteria included refractive
error >+2 or <−3 diopter (D) spherical equivalent, glaucoma, intraocular
inflammation, any previous history of intraocular surgery, laser or
injections, presence of any media opacities. The presence of systemic
disease was excluded based on detailed history from the patient and
review of medical records and any medication use. None of the female
participants were pregnant at the time of the study.
The participants’ demographic data, best-corrected visual acuity, and

detailed ophthalmic examination findings including intraocular pressure by
applanation tonometry were recorded. Slit-lamp examination and dilated
fundus evaluation with indirect ophthalmoscopy were performed to exclude
any ocular disease. Being a normative study, we chose to include both eyes
of the healthy participants for final analysis, unless excluded as specified later.

Image acquisition and scanning protocols
SS-OCTA images were captured using the PLEX Elite 9000 (Carl Zeiss
Meditec Inc., Dublin, CA, USA), which uses a swept laser source with a
central wavelength of 1050 nm (100,000 A-scans per second) and an axial
resolution of about 2 µ in tissue, operating at a bandwidth of 100 nm, an
A-scan depth of 3.0mm in tissue, an axial optical resolution of about 6.3 μm
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and a transverse resolution of approximately 20 μm. For this study,
6 × 6mm OCTA scans centered on the foveal center were acquired for each
eye. Each volume scan consisted of dense pattern of 500 B-scans × 500
A-scans repeated at least two times and captured with the instruments
FastTrac eye motion artifact correction software (Carl Zeiss Meditec, Inc,
USA). The device uses the optical microangiography (OMAG) to identify
motion and visualize the capillary networks with high resolution and
contrast. The instrument’s automated retinal layer segmentation algorithm
was utilized to define the retinal vascular layers. Automated analysis was
accomplished using the cloud-based Advanced Retinal Imaging (ARI)
Network hub made available by the manufacturer [42]. Images with poor
image quality (defined by the presence of motion artifacts or signal
strength index less than 7) or segmentation error were excluded.

Grading protocol
The following definitions/boundary positions were used for slab segmen-
tation of the different layers, as established by the instrument
manufacturer [43]. The whole retinal slab was defined by an inner
segmentation line following the contour of the internal limiting membrane
(ILM), and an outer segmentation line located 70 microns above the RPE-fit
but following the contour of the RPE-fit. The superficial capillary plexus
(SCP) was defined by a slab with the inner surface at the ILM and the outer
surface at the inner two-thirds of the inner plexiform layer. The deep
capillary plexus (DCP) extended from the outer border of the SCP slab to a
surface just below the outer plexiform layer-outer nuclear layer interface.

Computation of vascular parameters
As previously noted, the automated measurements of all study vascular
parameters were obtained through the manufacturer’s processing avail-
able through the ARI portal.

Vessel length density (VLD). VLD (expressed as mm−1) was computed from
the binarized and skeletonized image and defined as the fraction of the
total length of vessel pixels divided by the total number of pixels in the
region of interest. VLD was computed for the whole retina as well as for the
SCP and the DCP individually.

Perfusion density. PD (unitless number) was computed from the binarized
image as the total number of pixels with flow divided by the total number
of pixels within the region of interest. PD was computed for the retina as a
whole, as well as for the SCP and the DCP.

Foveal avascular zone (FAZ) measurements. Quantitative parameters to
describe the FAZ morphology included perimeter (in mm), circularity, and
area (in mm2). All FAZ measurements were based on the FAZ appearance
in the SCP slab.

Data analysis and statistics
Statistical analysis was performed using SPSS (Statistical Package for
Social Sciences, version 20.0, Chicago, IL, USA). A Shapiro–Wilk test was
used to assess the normality assumptions. All tests used were two-sided
with a type 1 error of 5%. One-way ANOVA was used to analyze the
variation in retinal VLD (superficial, deep, and whole retina), PD
(superficial, deep, and whole retina), and foveal avascular zone
(circularity, perimeter, and area) between different age categories (group
1 to 4). Inter eye correlations were adjusted using generalized estimating
equations during mean difference analysis. Bonferroni post hoc test was
used to compare the mean values between the subgroups by considering
a conservative p-value. Pearson correlation was performed between
the study parameters and age. Linear regression analysis was performed
to assess age-related changes in the study parameters. Inter-grader
agreement for all the quantitative parameters was assessed using
Cohen’s kappa coefficient (κ).

RESULTS
We studied 222 eyes from 116 healthy patients, of which 72 (62%)
subjects were females. The refractive errors ranged from +2.0 D to
−3.0 D. The mean intraocular pressure by applanation tonometry
was 12 mm Hg (range 10–16mmHg). Table 1 shows the average
values of the study parameters as observed in every decade of life.

Notably, the difference in the parameters was not statistically
significant between the groups when compared in each decade of
life. Table 2 shows the correlation between age and various
vascular parameters within the entire 6 × 6 scan area. A significant
negative correlation was observed between age and average VLD
(P= 0.01) in the superficial plexus, and average PD in both the
superficial plexus (P= 0.001) and whole retina (P= 0.001). In
addition, we observed a significant positive correlation between
age and FAZ perimeter and area.
We also analyzed the correlation between age and the vessel

parameters (VLD and PD) within the rings of the ETDRS grid
(Table 3). Of note, both the VLD and PD showed a significant
negative correlation with age in both the 1 and 3mm ETDRS rings.
However, in the 6mm ETDRS ring, this correlation persisted only
for the VLD in SCP, and the PD in both the SCP and whole retina.
Scatter plots in Fig. 1 illustrate the relationship between the

study parameters and age. The vascular parameters (Fig. 1A–C,
VLD; Fig. 1D–F, PD) showed a downward deflection of the best-fit
line after the 3rd and 4th decades. When comparing plots, the
correlation appears to be superior for VLD and PD from the SCP
and whole retina, and the FAZ perimeter. Similarly, a positive
correlation was noted between age and the FAZ perimeter and
area (Fig. 1G and I, respectively), with clustering of the data points
close to the best-fit line. The bar graphs in Fig. 2A–D (Fig. 2A:
ETDRS 1mm central subfield; Fig. 2B: ETDRS 3mm ring; Fig. 2C:
ETDRS 6mm ring; Fig. 2D: whole ETDRS region) and Fig. 2E–G (FAZ
area, perimeter, and circularity) illustrate the changes in study
parameters for every two decades of life. For this analysis, the
study cohort was divided (pre-specified) age-wise as follows:
group 1 (<20 years; N= 34; eyes= 65); group 2 (21–40 years;
N= 41; eyes= 81); group 3 (41–60 years; N= 32; eyes= 62); and
group 4 (>61 years; N= 9; eyes= 14). In addition to the ANOVA
across all groups, p-values for pairwise comparisons between the
subgroups were performed. Overall, there was a trend for an
increase in VLD and PD between the 0–20 and 21–40 age groups
with a subsequent decrease in the older groups in the more
peripheral rings (Fig. 2B and C). In the central subfield (1 mm ring),
however, the VLD and PD were numerically lower in the 21–40 age
group compared to the 0–20 and 41–60 age groups (Fig. 2A). For
all VLD and PD measurements in all subfields, the values were
lowest in the 61–80 years subgroup. When the whole 6 mm ETDRS
circle was analyzed, it followed the trend as in 3 mm and 6mm
rings i.e., the VLD and PD increased till about 40 years, with a
decline thereafter, with least values in 61–80 years age group
(Fig. 2D).
FAZ perimeter and area (Fig. 2E–G) were the mirror inverse of

the central subfield VLD and PD measurements with a numerically
greater area and perimeter in the 21–40 age group compared to
the 0–20 and 41–60 age groups. The circularity of the FAZ was
significantly lower in the 41–60 and 61–80 age groups compared
to the younger age groups.
We found no significant differences between males and females

in this study.
A high level of consistency between two graders (AV and KM)

with an unweighted κ values of 0.95 (95% confidence interval, CI
0.91–0.99) for VLD, 0.96 (95% CI 0.91–0.99) for PD, and 0.92 (95%
CI 0.88–0.96) for FAZ parameters were obtained.

DISCUSSION
In this study, we evaluated the relationship between retinal
vascular parameters and FAZ architecture and age using swept-
source OCT angiography. Overall, our results suggest that there is
a decrease in vessel and perfusion density in the macula and
increase in FAZ area and perimeter with age. However, a more
granular analysis according to macular region and specific
decades of life suggest a more complex relationship. Within the
ETDRS rings, when analyzed by every two decades of life, the
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vessel density parameters actually showed an increasing trend till
about 40 years of age, with a gradual decline thereafter. However,
in the central subfield (1 mm ring), the inverse was observed with
a reduction in these parameters at 21–40 years of age. However,
the lowest vessel density values were seen in the older age group,
beyond 61 years. The FAZ parameters showed an increasing trend
until 40 years of age, with a decline by the 41–60 years age group.

Table 2. Correlation of VLD, PD, and FAZ parameters with age.

Study parameters r P

Vessel indices

Average VLD superficial −0.17 0.01

Average VLD deep −0.10 0.14

Average VLD retina −0.11 0.12

Average PD superficial −0.24 0.001

Average PD deep −0.11 0.11

Average PD retina −0.18 0.001

FAZ parameters

Average FAZ perimeter 0.15 0.03

Average FAZ circularity −0.11 0.11

Average FAZ area 0.19 0.001

VLD vessel length density, PD perfusion density, superficial superficial
capillary plexus, deep deep capillary plexus, retina whole retina, FAZ foveal
avascular zone, r Pearson’s correlation coefficient, P significance, values in
bold are statistically significant.

Table 3. Relationship between the age and VLD and PD within
various ETDRS rings.

Study parameters r P

Foveal central subfield

Average VLD superficial −0.26 0.001*

Average VLD deep −0.18 0.008*

Average VLD retina −0.28 0.001*

Average PD superficial −0.26 0.001*

Average PD deep −0.17 0.009*

Average PD retina −0.27 0.001*

3 mm ETDRS ring

Average VLD superficial −0.10 0.01*

Average VLD deep −0.27 0.001*

Average VLD retina −0.16 0.01*

Average PD superficial −0.12 0.07

Average PD deep −0.27 0.001*

Average PD retina −0.18 0.005*

6 mm ETDRS ring

Average VLD superficial −0.16 0.002*

Average VLD deep −0.11 0.08

Average VLD retina −0.10 0.12

Average PD superficial −0.21 0.001*

Average PD deep −0.12 0.06

Average PD retina −0.17 0.01*

VLD vessel length density, PD perfusion density, superficial superficial
capillary plexus, deep deep capillary plexus, retina whole retina, r Pearson’s
correlation coefficient, P significance, values in bold are statistically
significant.
*Statistical significance P < 0.05
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The largest values for FAZ area and perimeter were noted beyond
60 years of age, whereas the circularity did not change. Thus, the
FAZ measurement was essentially the inverse of the vessel density
parameters in the central subfield. This makes sense since
assuming similar capillary spacing, a larger FAZ will leave less
area for surrounding vessels in the foveal central subfield. The
scatter plots (Fig. 1A–F) suggested that overall, there is an initial
trend for increasing vessel density parameters which ultimately
drop to a value lower than the baseline by old age. Analogously,
an eventual increase in FAZ area and perimeter, and a decrease in
circularity with older age were also evident (Fig. 1G–I).
Our study expands upon previous studies of OCTA-derived

retinal vessel parameters in normal eyes. Previous studies
investigating the relationship with age have demonstrated
inconsistent results with a non-uniform trend [21–35, 44]. This
may be in part due to geographical and ethnic variations as well
as different scanning platforms and imaging algorithms that were
used to generate the results. Iafe et al. in their study reported a
decrease in VD and an increase in FAZ area with age [23].
Falavarjani et al. showed that the FAZ area in the DCP was
negatively correlated with age, but that of the SCP was not [41].
Our study establishes for the first time, however, that the

relationship with age may be more complicated, with differences
based on the macular region and changes going in one direction
until age 40 and then moving in the opposite direction after that.
Not surprisingly, the FAZ-related parameters (area and perimeter
in particular) appeared to be most closely linked to the foveal
central subfield (1 mm ring) vessel density and perfusion density
parameters, showing an analogous, but opposite relationship
with age.
Previous studies assessing the relationship between age and

FAZ size have also yielded inconsistent results [23, 41, 45–51]. We
observed a slight increase in the 3rd and 4th decade (FAZ area,
circularity and perimeter), and again at the 7th decade onwards
(FAZ area and perimeter), with the highest values noted at or

beyond 7th decades. Various factors apart from age, such as
hormonal changes, geographical/ethnic variations, and the
imaging technique have been found to influence the FAZ
architecture [52, 53]. Hsu et al. evaluated the macular region of
infants and children using OCTA and reported a significant
variation related to the age, race, and axial length [34]. They
reported a slight increase in PD and VLD at about 10–15 years of
age, which starts to decline thereafter. Our results showed that
the VLD, PD, and the FAZ area and perimeter show a gradual
increasing trend till about 40 years of age. These changes may
coincide with the final attainment of foveal maturity which
occurs at about the same age [54]. Subsequent changes after age
40 (once complete maturity has been achieved) may reflect the
degenerative impact of aging. Therefore, this study analyzing the
effect of age is an extension of the existing literature supporting
the association of FAZ architecture with vessel indices in healthy
eyes, which may be of relevance when analyzing diseased eyes.
Interestingly, the fact that the vessel density parameters were
highest in the central subfield in 0–20 years age group reflects an
important aspect of development of the human fovea. As the
investigations have revealed that FAZ develops with the
development of foveal pit, the vessel density is bound to be
highest in early years of age, with a subsequent gradual
decline [55–57]. The measurements of the central subfield vessel
density parameters and FAZ parameters showed and inverse
relationship.
FAZ circularity showed a slight increase at the 3rd and 4th

decades, with a significant decline over the next two decades,
with no gross changes thereafter. Various studies have compared
FAZ circularity between healthy and diabetic eyes. The eyes with
ischemic alterations showed altered and decreased circularity
[58–61], however, healthy eyes and diabetic eyes without diabetic
retinopathy had comparable circularity indices [38]. Also, Shiihara
et al. reported a lack of association between age with FAZ shape in
their study, but they did not divide their cohort into specific age

Fig. 1 Relationship between the study parameters (y-axis) and age (x-axis). A–C Vessel density in superficial, deep, and whole retina,
respectively; D–F perfusion density in superficial, deep, and whole retina, respectively; G–I Foveal avascular zone perimeter, circularity, and
area, respectively.
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groups as in our analysis [62]. The increase in FAZ circularity in the
21–40 age group in our study may reflect the progressive
maturation of the macula in the initial decades of life. However,
larger longitudinal studies will be necessary to confirm our
observations.
Our study has a number of limitations which must be

considered when assessing our results. First, we relied on the
slab definitions for the SCP and DCP and the manufacturer’s
automated segmentation for the various vessel indices. While
these algorithms work very well in normal eyes and no gross
errors were seen on manual inspection, we cannot exclude subtle
errors. On the other hand, use of automated results may make our
findings more broadly applicable as they would be available to all
clinicians and researchers using these devices. Second, the
number of subjects in our oldest subgroup was small and notably
smaller than the others which reduces the overall power of the
study. A larger confirmatory study with more subjects will be
important to expose additional results, which may differ from this
study. Third, our study was cross-sectional and we can only infer
changes that may be occurring to retinal vessel parameters with
age. A long-term longitudinal study would be the best to

definitively assess this. As the study cohort comprised of Indian
population, the results cannot be generalized to different
ethnicities and geographical locales. We do not have repeat
examinations of the same subject (being a cross-sectional study)
to establish inter-visit repeatability though that has been address
in prior papers [63]. Lei et al. have reported a high level of
repeatability and reproducibility when measuring retinal micro-
vasculature using OCTA. Finally, our data is limited to a single
OCTA instrument, and thus we cannot definitively establish that
similar findings would be observed with other devices. Our study
also has many strengths including a prospective design, a wide
distribution of ages, and the use of strict exclusion criteria to limit
any variations due to ocular (e.g., axial length) or systemic
parameters.
In summary, we demonstrate that there are age-related

differences in vessel parameters on OCTA in normal eyes. These
differences appear to depend on macular region as well as the
specific decade of life. Understanding these normal age-related
differences may provide new insights into normal retinal
development and aging and will be essential to interpret the
impact of retinal diseases.

Fig. 2 Bar diagram depicting the changes in study parameters every two decades. Age-wise distribution of VLD and PD in the ETDRS ring
(A 1mm central subfield; B 3mm ring; C 6mm ring; D whole ETDRS region) and FAZ parameters (E area; F perimeter; G circularity).
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