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Background: The aim of this study was to investigate distribution rules of radial peripapillary capillaries (RPCs) density and
correlations with retinal nerve fiber layers (RNFL) thickness in normal subjects.

Material/Methods: We included 78 eyes of 78 healthy subjects examined by optical coherence tomography angiography (OCTA).
RPCs density and RNFL thickness were measured automatically. Distributions of RPCs density and RNFL thick-
ness were analyzed at different locations. Correlations of these 2 parameters and relationship with large ves-
sels were evaluated by Spearman test.

Results: Average density for overall, peripapillary, and inside disc RCPs was 56.12+2.51%, 58.56+2.84%, and 60.16+4.01%,
respectively. Overall and peripapillary RCPs density were positively correlated with RNFL thickness (r=0.595,
P<0.0001; r=0.578, P<0.0001). The highest RCPs density was found in the temporal quadrant and was lowest
nasally, whereas the RNFL thickness was found to be lowest temporally and higher in the nasal region. However,
a positive correlation was found in each sector, which was highest in the temporal inferior (r=0.550, P<0.0001).
Large vessels were insignificantly correlated with both RCPs density and RNFL thickness in sector analysis.
Conclusions: Although the distributions of RPCs density and RNFL thickness were different, a positive correlation was found
in each sector. Distribution rules of RPCs density and RNFL thickness were related to both vascular-structure
and activity-vascular.
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Background

Radial peripapillary capillaries (RPCs) are the vascular network
located within the retinal nerve fiber layers (RNFL), which are
visualized as the parallel vessels in the pattern of ganglion ax-
ons [1]. The correlations between RPCs density and RNFL thick-
ness have been widely reported in vivo [2], in vitro [3], and in
healthy [4] and in pathological retinas [5]. Previous studies
demonstrated relatively similar conclusions, showing that RPCs
density was positively associated with the RNFL thickness by
histological and OCT images [3,6,7]. It is well known that RNFL
thickness surrounding the optic disc follows “ISNT” rules [8,9];
however, whether RPCs have similar distribution rules remains
uncertain. RNFL abnormal change is one of the most important
clues to glaucoma diagnoses, whether RPCs density changes can
be another sensitive parameter to predict glaucoma changes.

Currently, optical coherence tomography angiography (OCTA)
provides a convenient method to visualize the retina vascular
networks noninvasively. A number of studies have used OCTA
to visualize retinal vasculature in peripapillary areas, showing
the decrease of RPCs density corresponds with the thinning
of RNFL thickness in glaucoma eyes [10-12]. However, wheth-
er RPCs density has similar distribution rules, and the corre-
lations of RPCs density and RNFL thickness in vivo normal ret-
inas are less studied [2,4,13].

Thus, the present study aimed to investigate the distribution
characteristics of RPCs network at different locations in nor-
mal retinas and the possible correlations with RNFL thickness
and large vessels in each sector by use of OCTA.

Material and Methods

Study Design and Subjects

We analyzed 78 eyes (the right eye only) from 78 individuals
without retinal and systemic diseases. The detailed ophthalmic
information, including best corrected visual acuity (BCVA), in-
traocular pressure (IOP), slit lamp biomicroscopy, fundus pho-
tography and OCTA scans, were recorded. BCVA of the subjects
was better than 20/20, with the spherical equivalent less than
3 diopters in both eyes, while IOP was under 21 mmHg mea-
sured using a non-contact tonometer (Canon TX-2P, Tokyo,
Japan) to exclude glaucoma or ocular hypertension.

We used the OCTA (Optovue, Inc., Fremont, CA), which has a
light source spectrum of 840 nm and a bandwidth of 45 nm
with an axial resolution of 5 um. The module of Angio disc
scans with 4.5x4.5 mm area, centered on the optic nerve, was
selected to examine optic vascular density. The algorithm of
split-spectrum amplitude-decorrelation angiography (SSADA)
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incorporated into the OCT advice was used to automatically
segment the ONH vessels into 4 layers: vitreous, superficial,
RPCs, and choroid. Vascular density was defined as a percent
of the proportion of the examined area occupied by retinal
vessels. Motion correction technology was used to remove the
motion artifacts by horizontal and vertical scans. Images with
quality signal strength index (SSI) lower than 8/10 were ex-
cluded due to media opacities or poor cooperation. Subjects
taking any systemic medicines that affect the blood flow were
also excluded in the present study. Also, relevant morphomet-
ric criteria such as “cup to disc ratio <0.5” were adopted to ex-
clude possible clinical or subclinical glaucoma. The study was
conducted in accordance with the tenets of the Declaration
of Helsinki and was approved by the board of Shanghai Tenth
People’s Hospital (SHSY-IEC-KY-4.0/17-71/01). All the subjects
involved in the study have given their written informed consent.

Measurements of RPCs Density and RNFL Thickness

Angio disc scan with a size of 4.5x4.5 mm was used to examine
the ONH area. The flow density map software AngioAnalytics
(version 2017.1.0.155) was used to quantify RPCs density with-
in the distance from inner limiting membrane offset 0 um to
RNFL offset 0 um automatically. The measurements of RPCs den-
sity and RNFL thickness were obtained in 4 equal quadrants:
superior, temporal, inferior, and nasal; and 8 peripapillary sec-
tors: nasal superior (NS), nasal inferior (NI), inferior nasal (IN),
inferior temporal (IT), temporal inferior (T1), temporal superior
(TS), superior temporal (ST), and superior nasal (SN) by modi-
fied Garway-Heath sector grid with 2 rings of 2 mm and 4 mm.
Within the 2 mm area was defined as inside disc area, and the
ring between 2 mm and 4 mm was the peripapillary region. RPCs
density and RNFL thickness were recorded, and the correspond-
ing distributions and correlations in each area were analyzed.

On the RNFL thickness map, arcuate regions look like butterfly
wings because of warm color code with higher RNFL thickness. It
is well accepted that the RNFL and RPCs are high within the ar-
cuate regions because of the large vessels [3,7]. So, we further-
ly investigated the possible contribution of big vessels on RNFL
thickness and RPCs density. To better analyze the impacts of big
vessel on RPCs density and RNFL thickness, we scored the large
vessels with the following rules. The number of major vessels with-
in ST and IT areas were scored as 2, major vessels with smaller
lumen in SN and IN areas were scored as 1, and the first-grade
branches and smaller vessel directly originating from optic dis
were scored as 0.5. The relationship of vessel scores with RNFL
thickness and RCPs were evaluated utilizing the Spearman test.

Statistical Analysis

Statistical analysis was performed using Statistical Package for
the Social Sciences (SPSS) for Windows (version 27.0; IBM Inc.).
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Figure 1. (A-C) Correlations between RCPs density and RNFL thickness. The blue scatterplots presented the correlations of RCPs
density with RNFL thickness. Statistical Package for the Social Sciences (SPSS) for Windows (version 27.0; IBM Inc.).

Differences in RPCs density and RNFL thickness were tested
by Mann-Whitney U test and one-way ANOVA. Correlations of
RNFL thickness with RPC density, and influences of large ves-
sels in each sector were analyzed using Spearman rank cor-
relation. Values are presented as the meantstandard devia-
tion (SD), and significance was assessed at the P<0.05 level.

Results

Basic Information and the Measurements

A total of 78 eyes of 78 normal Chinese subjects (40 males,
38 females) were included in this study. The mean age of all
study participants was 43.7+9.9 years (range, 23-57 years).

Average overall RPCs density within the 4.5x4.5 mm was
56.12+2.51%, and the average peripapillary (within 2 mm ring)
and inside disc (between 2 mm and 4 mm rings) RPCs density

was 58.56+2.84% and 60.16+4.01%, respectively. The mean
RNFL thickness was 116.18+11.46 um. A positive correlation
of RCPs density with RNFL thickness was obtained, (r=0.595,
P<0.0001 for overall RPCs density; r=0.578, P<0.0001 for peri-
papillary RPCs density) (Figure 1). Although the values of in-
side disc RCPs density were similar with the peripapillary RPCs
density (P=0.356), the correlations between inside disc RCPs
density and peripapillary RPCs density (r=0.08, P=0.352) and
RNFL thickness (r=0.039, P=0.647) were insignificant.

Distributions and Correlations of RPCs Density with RNFL
Thickness in 4 Equal Quadrants

As expected, the average RNFL thickness followed “ISNT” rules,
which was 150.15+18.92 um in inferior, 142.53+18.66 um in
superior, 98.27+15.23 um in nasal, and 81.34+12.89 um in
temporal, as shown in Table 1.
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Table 1. Mean RPCs density and RNFL thickness in 4 equal quadrants (mean+SD).

[o]TET 11143 T N |
RPCs density (%) 54.68+3.70 53.31+3.96 47.81+3.91 53.87+4.13
RNFL (um) 81.34+12.89 142.53+18.66 98.27+15.23 150.15+18.92

r=0.413, p<0.001

Spearman test r=0.400, p<0.001

r=0.503, p<0.001 r=0.445, p<0.001

S —temporal; S — superior; N — nasal; | — inferior.
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Figure 2. (A, B) Distributions of RCPs density and RNFL thickness in 4 equal quadrants. RPCs density was comparable in superior
and inferior quadrants; the temporal density was much higher than nasal area. The thinnest RNFL thickness was found in
temporal region, and the highest RNFL thickness in superior and inferior areas. Statistical Package for the Social Sciences

(SPSS) for Windows (version 27.0; IBM Inc.).

The average RPCs density was found to be the thickness at
the temporal region with the mean value of 54.68+3.70%, fol-
lowed by inferior (53.87+4.13%) and superior (53.31+3.96%)
quadrants, and the nasal area was the lowest (47.81+3.91%)
(Table 1). Based on the measurements, the distribution of RPCs
density was comparable between superior and inferior quad-
rants, but the temporal RPCs density was much higher than
nasal region (P<0.0001, Figure 2A).

Something we did not anticipate was that the highest RPCs
density was found in the temporal region where the thinnest
RNFL were located (Figure 2B). So, the supposed positive cor-
relation between RPCs and RNFL thickness was challenged, at
least in the temporal area. However, in terms of each region,
a moderate positive correlation was obtained, including tem-
poral (r=0.400, P<0.001), superior (r=0.413, P<0.001), inferior
(r=0.445, P<0.001), and nasal areas (r=0.503, P<0.001) (Table 1).
The relationship between RCPs density and RNFL thickness was
not as close as we had expected it to be, but still supports the
typical structure-vascular relationship.

Distributions of RPCs Density and RNFL Thickness in 8
Sectors

Furthermore, we obtained the measurements of RPCs density
and RNFL thickness in smaller regions utilizing the modified
Garway-Heath sector grid (Figure 3). For RNFL thickness, the
arcuate regions containing large vessels were thickest within
ST, IT, SN, and IN, respectively. The thinnest RNFL thickness was
found in temporal region with TS and Tl (Table 2).

The RPCs density in ST and IT sectors was highest, but the ar-
eas containing more large vessels in SN and IN sectors were
not as high as that in ST and IT sectors, and were even small-
er than the temporal area (TS and Tl sectors) without large
vessels. The lowest values were found in nasal area (NS and
NI sectors) (Table 2).

This reminded us to re-consider the contributions of large ves-
sels to values of RPCs density. We recorded the number of large
vessels in each sector except for the TS and Tl areas because
of the scarcity of large vessels in these 2 sectors.
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Figure 3. (A-D) RCPs density and RNFL thickness in modified Garway-Heath sectors. The Angio Disc RPCs enface image was separated
by modified Garway-Heath sector grid into 8 sectors by 2 circles with a diameter of 2 mm and 4 mm. The picture was
obtained from RTVue XR Avanti User Manual. Statistical Package for the Social Sciences (SPSS) for Windows (version 27.0;

IBM Inc.).

Distribution of Large Vessels and Correlations with RPCs
Density and RNFL Thickness

According to the grading roles (described in the Methods sec-
tion), the highest score of large vessels was found in the SN sec-
tor, followed by IT and IN sectors (Table 3). These sectors were all
located within arcuate areas, as expected. However, the score in
ST sector was unexpected lower (2.25), where the greatest RPCs
density was found. The result was consistent with the result that

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

the correlation of RPCs density with RNFL thickness was low in the
ST sector (r=0.153, P=0.071), indicating higher RPCs density with
relatively smaller RNFL thickness. In terms of the contribution of
large vessels on RPCs density and RNFL thickness, the Spearman
results revealed insignificant correlations of large vessels with
RPCs (r=-0.800, P=0.200) and RNFL thickness (r=0.194, P=0.806).

We randomly chose 2 individuals to analyze the distribution char-
acteristics of large vessels, RNFL thickness, and RPCs density. In
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Table 2. Mean peripapillary RPCs density and RNFL thickness in 8 modified Garway-Heath sectors (mean+SD).

Sectors RPCs density (%)
ST 57.64+15.10
"""""""" S s613:393
""""""""" n s5314s445
""""""""" T s701x442
N s127:41
""""""""" NG 468lx4e0
"""""""" NS 4s4ex4l2
"""""""" SN s134:443

RNFL (um) Spearman test
135.65+25.89 r=0.153, p=0.071
825141338 | r=0454,p<0.0001
797141582 r=0.550, p<0.0001

145.95+25.62 r=0.538, p<0.0001

ST — superior temporal; TS — temporal superior; Tl — temporal inferior; IT — inferior temporal; IN — inferior nasal; NI — nasal inferior;

NS - nasal superior; SN — superior nasal.

Table 3. Mean peripapillary RPCs density, RNFL thickness and vascular number in 6 sectors.

Sectors RPCs density (%)
ST 57.64+15.10
""""""""" T s701x442
N sioiwam1
""""""""" NG aeslsde0
"""""""" NS 4gaesal
"""""""" SN 51341443

RNFL (um) Vessel numbe
135.65+25.89 2.25
"""" 15696+2418 250
"""" 14480+2373 293
7001538 125
"""" 10761£1737 241
"""" 14s95:2562 321

ST — superior temporal; IT — inferior temporal; IN — inferior nasal; NI — nasal inferior; NS — nasal superior; SN — superior nasal.

the first subject, the peak of RNFL thickness was in the ST sec-
tor and was close to that of the SN sector (Figure 4A), where
the highest RNFL thickness and large vessels also appeared
(Figure 4B). Figure 4C shows that the RPCs density in the ST sec-
tor without large vessels was higher than that in the SN sector.
According to the rules, the score was 2 in the IT sector and 3 in
the IN sector; however, the RNFL thickness and RPCs density in
the IT sector were all higher than that in the IN sector (Figure 4).

In case 2, the peak of RNFL thickness was located in the mid-
dle of the ST sector (Figure 5A), where the thickest RNFL and
highest RPCs density were found. However, the vessels score
in the ST sector was lower than that in the SN sector. In the IT
sector, the area without large vessels also showed thick RNFL
according to the color map (Figure 5B, 5C). Therefore, although
the large vessels were located in the arcuate area where RNFL
converges, the contributions of large vessels to measurements
of RPCs density and RNFL thickness was not as high as expected.

Correlations and Trends of RPCs Density with RNFL
Thickness in 8 Sectors

In agreement with the results in 4 quadrants, a moderate
positive correlation was obtained in 8 sectors (Table 2). Our

analysis revealed the significant positive correlation between
RCPs density and RNFL thickness, with the highest index in Tl
(r=0.550, P<0.0001). Compared with 4 quadrants, the corre-
lation in 8 sectors was stronger (Table 2). Although the dis-
tributions of RPCs density and RNFL thickness were different,
the trends of increases and decreases were similar (Figure 6).

Discussion

In the current study, we quantitatively demonstrated the mea-
surements of RPCs density and RNFL thickness in 4 equal quad-
rants and 8 modified Garway-Heath sectors in normal human
retinas. We investigated the distribution rules and possible
correlations in each region. Previously, there were related arti-
cles reporting the distributions and correlation of RPCs density
and RNFL thickness, but the values were inconsistent because
of different quantitative methods and variable retinal condi-
tions [2,3,14,15], such as smaller capillary diameters caused
by fixated constriction or higher RPCs density due to low res-
olution [3]. Inspite of the discrepant results, the positively sup-
portive correlations between RPCs density and RNFL thickness
were widely accepted. In agreement with previous reports, we
observed similar relationships between RCPs density and RNFL
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Thickness (ILM-NFL)

Vessel density (RPC)

Figure 4. (A-C) A right eye of a young female (32 years old). The black arrow pointed out the location of highest RNFL thickness. Both
capillaries and large vessels were included to calculate the regional density. Statistical Package for the Social Sciences (SPSS)

for Windows (version 27.0; IBM Inc.).

thickness (r=0.595, P<0.0001 for overall RPCs density; r=0.578,
P<0.0001 for peripapillary RPCs density, respectively).

The inside RPCs converge into the optic nerve along with RNFL
axons, so a close relationship of inside disc RCPs density with
peripapillary RPCs density and RNFL thickness was proposed.
However, the present results showed insignificant correlations of
inside disc RCPs density with peripapillary RPCs density (r=0.08,
P=0.352) or RNFL thickness (r=0.039, P=0.647). Inversely, the
positive correlation between inside disc RCPs density and rim
area has been reported in previous studies [16]. One of the rea-
sons was that the rim area corresponded to the region where
inside disc RPCs were distribution; therefore, a positive relation-
ship between inside disc RCPs density and rim area was found
because of the structure-vascular mechanism. The RNFL thick-
ness in the present study was calculated within a 3.4-mm di-
ameter circle centered on the optic nerve head. Therefore, the

extra area between 2 mm and 3.4 mm may influence assessment
of the relationship between RPCs density and RNFL thickness.

To explain the low correlation between peripapillary and in-
side disc RPCs, the originations of capillaries within the ONH
area were considered. The vascular network around the optic
disk originates from both retinal and ciliary vessels, but both
the peripapillary and inside disc RPCs mainly derive from the
branches of the central retinal artery [17,18]; however vascu-
lar configurations were significantly different because of the
various distances from the ONH [2].

The distributions of RNFL thickness followed the “ISNT” rules,
as reported in the previous studies [9,19], that the RNFL thick-
ness was high in the inferior region, followed by superior and
nasal areas with temporal RNFL thickness is the thinnest. As a
positive relationship between RCPs density and RNFL thickness
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Thickness (ILM-NFL) Vessel density (RPC)

Figure 5. (A-C) A left eye of a middle-aged male (48 years old). The black arrow pointed out the location of highest RNFL thickness.
Red arrows showed the area without big vessels, but showed warmer color. Statistical Package for the Social Sciences (SPSS)
for Windows (version 27.0; IBM Inc.).
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Figure 6. (A, B) Distributions of peripapillary RCPs density and RNFL thickness in 8 modified Garway-Heath sectors. The distribution
of RNFL thickness was similar with the trend of peripapillary RPCs density with 2 lows and 3 highs at same points. (SPSS
Statistics, version 22.0, IBM).
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was proposed [6,7], a similar pattern of RPCs density with RNFL
thickness distributions was anticipated.

Temporal RPCs density, however, turned out to be the highest
when compared to other regions, where RNFL thickness was the
thinnest. Inversely, while nasal RPCs density was lowest, nasal
RNFL thickness was much thicker than in the temporal region.
One plausible explanation for this opposite distribution is the
activity-vascular related mechanism by which higher temporal
RPCs exist to fulfill the highly metabolic requirements within the
macular area. Inferior and superior RPCs densities were high and
comparable, consistent with the distributions of RNFL thickness
within the arcuate region. Nonetheless, we still detected positive
correlations between RPCs density and RNFL thickness in each
region, including temporal and nasal areas, supporting the vas-
cular-structure relationship as proposed in previous studies [2-5].

In addition to the distributions and correlations in 4 quadrants,
we investigated the parameters within smaller areas. The pe-
ripheral area was automatically separated into 8 sectors by the
modified Garway-Heath sector grid. Corresponding RPCs densi-
ty and RNFL thickness were then evaluated. Similarly, the most
prominent RPCs density was found in the ST sector and IT sector,
followed by the temporal area, and the lowest was found in the
nasal area. In smaller regions, the difference of RNFL thickness
between nasal and temporal areas was more significant, espe-
cially in the NS sector, when compared with TS sector. However,
although the distribution rules of RPCs density and RNFL thick-
ness were different, the trend to decrease or increase was sim-
ilar in 8 sectors, showing a double-bottom at Tl and NI sectors
and 3 highs in ST, IT, and SN sectors. As a result, we proposed
that the large vessels caused the regional highs of RPCs densi-
ty and RNFL thickness, in agreement with previous studies [3,7].

However, our results revealed an insignificant correlation between
high vascular scores with RPCs density and RNFL thickness. Given
that highest RPCs density and RNFL thickness were found within
or close to the arcuate regions, the contribution of big vessels to
RPCs density and RNFL thickness was not as high as one would
expect. When we reviewed the location of large vessels and dis-
tributions of RPCs density and RNFL thickness in individuals, we
found that both the locations of highest RPCs density and RNFL
thickness were inconsistent with large vessels. However, RNFL
thickness was more prone to be related with large vessels, as
large vessels were included in the measurement of RNFL thickness.

In accordance with the 4 quadrants, a positive correlation
between RPCs density and RNFL thickness was identified
in 8 sectors. The highest correlations were found in Tl sec-
tor (r=0.550, P<0.0001), and the lowest in ST area (r=0.153,
P=0.071). Therefore, even the distributions of RPCs density
and RNFL thickness were almost opposite within the temporal
area, and the highest structure-vascular correlation still exists

CLINICAL RESEARCH

in the region. ST area within the arcuate regions had the high-
est RPCs density and relatively high RNFL thickness, but the
reasons behind the lowest correlation are unclear.

In immature retinas, astrocytes are the cells that establish the
mesh-like network to support retinal vessel formation [20,21],
which was guided by retinal ganglion cells [22,23]. We previous-
ly surmised that the thick RNFL thickness was the reason for the
dense RPCs arrangement within the arcuate regions. However,
our results revealed that the distribution rules of RCPs density do
not follow RNFL rules, especially in temporal and nasal areas. The
macula is a specialized region for high metabolic activity because
of the greater density of cone photoreceptors, ganglion cell layer,
and retinal pigment epithelial cell [24,25]. So, except for the struc-
ture-vascular relationship, the activity-vascular related correlation
was another mechanism that can explain the distribution rules.

However, while we know the distribution rules of RPCs densi-
ty, the parameter can be another useful index to identify optic
neuropathies such as glaucoma. However, studies with larg-
er samples are needed to determine in which region the ear-
liest decrease of RPCs density happens.

There were several limitations in the study. The first is the scor-
ing rules of large vessels. We graded the scores roughly accord-
ing to the vascular size, but did not measure the exact vessel
diameter. As the roles of arterioles and venules in supporting
retinal tissue were different, the effect on the measurement
might be also different, but we did not distinguish the arteri-
oles or venules when grading large vessels in the current study.
Another limitation is the relatively small sample size and wide
age range. Further research with larger sample size and differ-
ent age groups is needed to further assess the distribution and
correlation of RPCs density and RNFL thickness in each area.

Conclusions

Our study assessed the distribution characteristics of RPCs
density and RNFL thickness around the optic nerve. While we
found the distribution rules of RPCs density, it might be an-
other useful index to identify disease or follow disease pro-
gression using OCTA technology.

The relationship of distribution rules of RPCs density and RNFL
thickness appeared to be not only vascular-structure related,
but also activity-vascular related.
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