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Abstract
Background To investigate whether the retinal peripapillary capillary plexus vessel density (RPCP VD) or the retinal nerve
fibre layer thickness (RNFLT) is better in showing the structure–function relationship in glaucoma.
Methods Sixty-seven patients with primary open-angle glaucoma (POAG) in one eye and no visual field loss in fellow eye
were included in this study. The scans of RPCP VD and RNFLT, and the standard automated perimetry data [including
mean deviation (MD), pattern standard deviation (PSD), sector-based pattern deviation (PD) values] were analysed and
compared.
Results The global RNFLT was associated with MD (P= 0.035). RNFLTs of the superotemporal, superonasal, infer-
otemporal and inferonasal quadrants were associated with the corresponding PD (P= 0.004, <0.001, 0.002 and 0.012).
The global RPCP VD was found to be associated with MD and PSD (P= 0.030 and 0.049, respectively). RPCP VD of
the superotemporal quadrant was associated with PD of the corresponding quadrant, as well as with PSD (P= 0.003 and
0.043, respectively). Remaining RPCP VD values were only associated with the PD values of the corresponding
quadrants (P < 0.05). The associations of the RPCP VD with PD were stronger than those of the RNFLT with PD [RPCP
VD vs RNFLT: R2 = 0.624 vs 0.558 (P < 0.001 for both) for the superotemporal, 0.649 vs 0.552 for the superonasal (P <
0.001 for both), 0.598 vs 0.427 for the inferotemporal (P < 0.001 for both), 0.581 vs 0.408 for the inferonasal (P < 0.001
for both), 0.594 vs 0.068 (P < 0.001 vs 0.098) for the temporal, and 0.338 vs 0.195 (P < 0.001 vs 0.004) for the nasal
quadrants].
Conclusion In conclusion, the VD of RPCP was more informative in terms of the structure–function relationship in POAG.
Future prospective follow-up studies with larger sample sizes are required to confirm the findings.

Introduction

The loss of retinal ganglion cells (RGC) caused by glaucoma
can be reflected as diffuse or localised defects in the retinal
nerve fibre layer (RNFL) [1, 2]. Alterations in RNFL have
been associated with the indices of standard automatic

perimetry (SAP), which is still the gold standard method for
visual field (VF) testing in the diagnosis and monitoring of
glaucoma. Several studies have reported that structural defects
often precede detectable VF loss as measured by SAP [3–6].
However, the structure–function relationship in glaucoma
remains unclear due to the greater inter-individual variations
[7–9]. Some researchers trying to establish this relationship
have reported partial associations between RNFL and VF. In
particular, the inferior and superior sectors of RNFL have
been found to be more informative in detecting glaucomatous
defects and progression [10–12].

Garway-Heath et al. [13] aimed to establish the structural
relationship between the locations of VF and the corre-
sponding regions of the optic nerve head (ONH), and created
a sector-based VF and ONH map (G-H map), relating the 24-
2 SAP test locations to the positions of the retinal nerve fibre
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bundles entry in ONH. The authors traced the RNFL defects
and prominent bundles from each VF location towards ONH
manually and obtained the position in degrees. Although this
map was created based on structure, not function, it is still the
only working map, which can be easily used in clinical
practice [14]. However, for establishing the structure–function
relationship, it is not sufficient to use optical coherence
tomography (OCT) and measure RNFL as a structural para-
meter with the G-H map since the associations of the RNFL
thickness with VF indices have been found to be stronger
only in the inferior and superior quadrants [15].

The vascular theory of glaucoma pathogenesis postulates
that RGC loss and therefore RNFL thinning is induced by
the insufficient blood supply [16, 17]. Alterations in vessel
morphology and hemodynamics have been reported and
quantified using the retinal images of glaucomatous eyes
[18]. In particular, decreased macular and peripapillary
vessel density (VD) have been demonstrated in glaucoma-
tous eyes based on the assessment of OCT-angiography
(OCT-A) images, which is an enhancement of traditional
OCT [19, 20]. In addition, the lower parapapillary choroidal
VD has been found to be associated with future VF pro-
gression [21, 22]. If the vascular theory is right, VD mea-
surements using OCT-A could give more reliable
information about the structure–function relationship than
RNFL analysis. Therefore, in this study, we aimed to
investigate whether the microvascular VD of the retinal
peripapillary capillary plexus (RPCP) or the RNFL thickness
was better in showing the structure–function relationship.

Materials and methods

Demographic data and clinical findings

This study was carried out in accordance with the principles
of the Declaration of Helsinki after obtaining the approval
of the Non-Interventional Clinical Research Ethics Com-
mittee of the Health Sciences University, Turkey. The files
of 3014 patients who presented to the outpatient glaucoma
clinics of the Ophthalmology Department of Gulhane
Medical Faculty between January 2019 and February 2020
were retrospectively screened. Included in the study were
patients with a diagnosis of primary open-angle glaucoma
(POAG) and primary juvenile glaucoma (PJG) in at least
one eye and with no detectable glaucomatous VF defects in
the contralateral eye, who had undergone a complete oph-
thalmological examination, including LogMAR-converted
best-corrected visual acuity (BCVA) and intra-ocular pres-
sure (IOP) measurements, slit-lamp biomicroscopy, and
non-dilated fundoscopy along with VF testing (Humphrey
Field Analyzer II, Humphrey-Zeiss Instruments, Dublin,
CA, USA), RNFL analysis, and OCT-A scans (AngioVue,

Optovue Inc., Fremont, CA, USA) during the same visit.
The diagnosis of POAG and PJG was made in accordance
with the Terminology and Guidelines for Glaucoma of the
European Glaucoma Society [23]. Increased IOP (>21
mmHg), presence of acquired characteristic glaucomatous
changes of ONH, presence of glaucomatous VF defects and
open-angle were accepted as the typical features of POAG
and PJG. The exclusion criteria were age under 18 years,
refractive error of ≥±3 dioptres, LogMAR-converted BCVA
of >0.5 (<0.3 in decimals), presence of any other ophthal-
mological pathology (e.g., diabetes or hypertensive retinal
diseases, amblyopia, optic nerve abnormalities, optic neu-
ropathies other than glaucoma and age-related macular
degeneration) or a history of ocular surgery (including
cataract and glaucoma surgery) or a systemic disease (e.g.,
diabetes mellitus, rheumatologic disorders) that could con-
found the assessment results, OCT-A signal strength of <70,
presence of glaucomatous damage in both eyes and SAP
low test reliability (≥20% fixation losses and false-negative
errors, and ≥15% false-positive errors).

Only 112 of 3014 patients had OCT-A, RNFL and SAP
tests at the same visit. Sixty-seven of those 112 patients with
glaucoma were included in this study. Forty-five patients
were excluded from the study due to having glaucomatous
damage in both eyes (n= 31), having a history of ocular
surgery (n= 10) or having a systemic disease (n= 4).

The eyes with obvious glaucomatous VF defects were
included in the glaucomatous eyes group and the con-
tralateral eyes with no detectable VF defects were included
in the fellow eyes group.

Standard automatic perimetry

A Humphrey field analyser II (Humphrey-Zeiss Instru-
ments) was used to analyse VF. The mean deviation (MD,
dB) and pattern standard deviation (PSD, dB) indices of VF
were recorded for each eye. Then, the VF pattern deviation
(PD) numeric map was divided into superotemporal,
superonasal, inferotemporal, inferonasal, nasal and temporal
quadrants based on the anatomical relation established by
Garway-Heath et al. [13]. Sectoral PD was calculated
manually, with regard to the sectoral PD, this was repre-
sented by the mean value of all points for each sector on the
PD map of the VF output (Fig. 1A).

RNFL and peripapillary microvascular VD
measurements

OCT-A scans were obtained using an AngioVue OCT-A
system (Optovue Inc.) with an A-scan rate of 70,000/s using
a light source of 840 nm. En face images were acquired
focusing ONH (4.5 mm × 4.5 mm) using the Angio Disc
QuickVue module. Each scan consisted of 400 × 400
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A-scans with two following B-scans at each fixed location.
To reduce motion artefacts, each scan comprised one
orthogonal horizontal and vertical scan. The device pro-
vides data on the anatomic Bruch membrane opening–based
neuroretinal rim and ONH, RNFL thickness and the VD of
RPCP in a single scan. The device’s software automatically
removes the large vessels from the images and gives the
microvascular VD values of the scanned area. After scan-
ning, the RNFL thicknesses of the superotemporal, super-
onasal, inferotemporal, inferonasal, nasal and temporal
quadrants along with the corresponding microvascular VDs
of RPCP were recorded for statistical analyses (Fig. 1B, C).
The device’s scan quality value (OCT-A signal strength)
was also recorded for each subject to investigate the effects
of the scan quality.

Statistical analyses

SPSS v. 21 (SPSS, Inc., Chicago, IL, USA) was used for
statistical analyses. Quantitative variables were defined as
mean and standard deviation, and qualitative variables as
percentages. The generalised estimating equation (GEE)
analysis was used to compare the eye-related parameters,
namely IOP, RNFL and RPCP-VD measurements between
the glaucomatous and fellow eyes of the study participants.
A GEE model with a working correlation matrix “inde-
pendent” was created for each eye parameter (BCVA, IOP,
VF indices, RNFL and RPCP VD values) as a dependent
variable, and the group of the individual was taken as the
main effect (ordinal factor). A curve estimation regression
analysis was performed between RPCP VD and RNFL
quadrants vs corresponding PD quadrants for the glauco-
matous and fellow eyes separately, and scatterplots were
created with linear and second-order regression slopes for
each parameter. The results of the curve-estimating regres-
sion analysis were given with R2 and P values. In the
glaucomatous eyes, after collinearity diagnostics, the age,

gender and OCT-A signal strength corrected associations of
the RPCP VD and RNFL measurements with VF indices
were sought by creating a final linear regression model for
each quadrant of the RPCP VD and RNFL measurements as
dependent variables and the VF indices as covariates. The
results of these regression models were given with the
regression coefficient (B), 95% confidence interval and
P values. A P value of less than 0.05 was considered sta-
tistically significant.

Results

Demographic data and clinical findings

The demographic and clinical features of the study partici-
pants, including the mean RNFL thicknesses, microvascular
VDs of RPCP and VF indices are presented in Table 1.
Thirty-seven (55%) of the study participants were female.
All the patients were Caucasian. The mean age of the
patients was 63.18 ± 13.55 years. All the patients were older
than 35 years, and all of them were diagnosed as POAG.

The mean LogMAR-converted BCVA was 0.0 ± 0.0 for
the fellow eyes and 0.27 ± 0.22 for the glaucomatous eyes.
The main reason for the reduction of visual acuity was
glaucoma. The difference in IOP was significant between
the fellow and glaucomatous eyes, with the mean IOP value
being calculated as 14.13 ± 3.09 and 17.83 ± 3.94, respec-
tively (P= 0.009, GEE).

The MD and mean PSD were −8.68 ± 6.72 and 5.70 ±
3.71 dB, respectively, for the glaucomatous eyes, and
−1.88 ± 1.88 and 1.67 ± 0.33 dB, respectively, for the fel-
low eyes. The difference was significant for both MD and
PSD (P < 0.001 for both, GEE). The difference of the
sector-based PD values of the SAP between the glauco-
matous and fellow eyes were also significant (P < 0.001 for
all quadrants, GEE).

Fig. 1 An example from study subjects. A A pattern deviation
numeric map that stratified in to six quadrants in accordance with the
Garway-Heath Map [13]. B The retinal nerve fibre layer thickness
analysis of the same eye. C The retinal peripapillary capillary plexus

microvascular vessel density analysis of the same eye. ST super-
otemporal, SN superonasal, IT inferotemporal, IN inferonasal, T
temporal, N nasal.

3224 H. Yilmaz et al.



The RNFLs of all quadrants were significantly thinner
in the glaucomatous eyes compared to the fellow eyes,
except for the temporal quadrant (P= 0.187 for the tem-
poral quadrant and P < 0.001 for the remaining quadrants,
GEE). In all quadrants, the microvascular VDs of RPCP
were significantly reduced in the glaucomatous eyes com-
pared to the fellow eyes (P < 0.001 for all quadrants, GEE).

Scatterplots; glaucomatous vs fellow eyes and RPCP
microvascular VD vs RNFL thickness

Figure 2 presents the scatterplots of the fellow eyes’ RNFL
thickness and RPCP microvascular VD for all quadrants
against the corresponding PD values. Figure 3 presents the

same scatterplots of the glaucomatous eyes. For all the
curve-estimating regression analyses, the second-order
(quadratic) regression model was found to be a better fit
than the linear regression model. However, this difference
between the regression models did not affect statistical
significance in any quadrant.

In the fellow eyes, the RPCP microvascular VD was
found to be associated with the corresponding PD only for
the superotemporal, superonasal and temporal quadrants
(for the second-order regression model; superotemporal
quadrant: R2= 0.166, P < 0.001; superonasal quadrant:
R2= 0.214, P < 0.001; temporal quadrant: R2= 0.085,
P= 0.009, respectively). For the remaining analyses, the
PD values did not have any other association with the

Table 1 Demographic and
clinical findings of the study
participants.

Fellow Eyes (n= 67) Glaucomatous Eyes (n= 67) P*

Age (years ± SD) 63.18 ± 13.55 n/a

Female (%) 55 n/a

BCVA (LogMAR ± SD) 0.0 ± 0.0 0.27 ± 0.22 <0.001

IOP (mmHg ± SD) 14.13 ± 3.09 17.83 ± 3.94 0.009

SAP data

MD (dB ± SD) −1.88 ± 1.88 −8.68 ± 6.72 <0.001

PSD (dB ± SD) 1.67 ± 0.33 5.70 ± 3.71 <0.001

PD, supt q. (dB ± SD) −1.75 ± 0.51 −5.80 ± 5.14 <0.001

PD, supn q. (dB ± SD) −1.78 ± 0.54 −5.54 ± 4.97 <0.001

PD, inft q. (dB ± SD) −1.76 ± 0.68 −6.05 ± 5.09 <0.001

PD, inft q. (dB ± SD) −1.80 ± 0.59 −5.76 ± 5.64 <0.001

PD, tem q. (dB ± SD) −1.48 ± 0.89 −2.62 ± 2.90 <0.001

PD, nas q. (dB ± SD) −2.04 ± 1.26 −4.45 ± 3.62 <0.001

RNFLT

Global (µm ± SD) 100.33 ± 14.68 85.15 ± 21.88 <0.001

Supt q. (µm ± SD) 130.06 ± 31.92 112.34 ± 33.34 <0.001

Supn q. (µm ± SD) 100.32 ± 23.83 87.12 ± 29.01 <0.001

Inft q. (µm ± SD) 139.35 ± 32.75 115.58 ± 36.18 <0.001

Infn q. (µm ± SD) 102.12 ± 22.84 88.30 ± 30.24 <0.001

Tem q. (µm ± SD) 70.59 ± 10.63 72.00 ± 29.15 0.187

Nas q. (µm ± SD) 89.08 ± 18.33 77.96 ± 22.18 <0.001

RPCP VD

Global (% ± SD) 50.35 ± 4.36 43.61 ± 9.36 <0.001

Supt q. (% ± SD) 52.13 ± 4.54 41.09 ± 10.98 <0.001

Supn q. (% ± SD) 50.24 ± 5.12 40.78 ± 11.12 <0.001

Inft q. (% ± SD) 51.45 ± 4.98 42.18 ± 10.79 <0.001

Infn q. (% ± SD) 51.22 ± 5.01 40.25 ± 11.56 <0.001

Tem q. (% ± SD) 52.65 ± 4.65 48.97 ± 8.22 <0.001

Nas q. (% ± SD) 47.21 ± 5.65 41.03 ± 9.70 <0.001

Significant P values are shown in bold.

SD standard deviation, BCVA best-corrected visual acuity, IOP intra-ocular pressure, MD mean deviation,
PSD pattern standard deviation, PD pattern deviation, Supt superotemporal, q quadrant, Supn superonasal,
Inft inferotemporal, Infn inferonasal, Tem temporal, Nas nasal, RNFLT retinal nerve fibre layer thickness,
RPCP retinal peripapillary capillary plexus, VD vessel density.
aThe results of the generalised estimating equations.
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RNFL thickness (P= 0.157, 0.126, 0.394, 0.509, 0.083 and
0.228 for the superotemporal, superonasal, inferotemporal,
inferonasal, temporal and nasal quadrants, respectively) or
the RPCP microvascular VD values (P= 0.282, 0.472 and
0.085 for the inferotemporal, inferonasal and nasal quad-
rants, respectively). However, except for the RNFL thick-
ness of the temporal quadrant, regression analyses revealed
strong associations between all the PD values with the
RNFL thickness and RPCP microvascular VDs of the cor-
responding quadrants in the glaucomatous eyes (RNFL
thickness with PD: P < 0.001 for the superotemporal,
superonasal, inferotemporal and inferonasal quadrants and
P= 0.098 and 0.004 for the temporal and nasal quadrants,
respectively; RPCP microvascular VD with PD; P < 0.001
for all quadrants). In the eyes with glaucoma, the associa-
tions of the RPCP microvascular VD with PD were stronger
than those of the RNFL thickness with PD (RPCP micro-
vascular VD vs RNFL thickness: R2= 0.624 vs 0.558 for
the superotemporal quadrant, 0.649 vs 0.552 for the
superonasal quadrant, 0.598 vs 0.427 for the inferotemporal
quadrant, 0.581 vs 0.408 for the inferonasal quadrant, 0.594

vs 0.068 for the temporal quadrant and 0.338 vs 0.195 for
the nasal quadrant).

The final regression models

The associations of the RNFL thickness with the SAP data
are given in Table 2 for all quadrants. The global RNFL
thickness was found to be associated only with MD (P=
0.035) and the RNFL thicknesses of the superotemporal,
superonasal, inferotemporal and inferonasal quadrants were
only associated with the corresponding PD (P= 0.004,
<0.001, 0.002 and 0.012, respectively). The RNFL thick-
nesses of the temporal and nasal quadrants did not have
an association with any of the SAP parameters (P > 0.05
for all).

The associations of the RPCP microvascular VD with the
SAP data are given in Table 3 for all quadrants. The global
RPCP microvascular VD was found to be associated with
MD and PSD (P= 0.030 and 0.049, respectively). The
RPCP microvascular VD of the superotemporal quadrant
was associated with the PD of the corresponding quadrant,

Fig. 2 Scatterplots of the fellow eyes’ RNFL thickness and RPCP
microvascular VD for all quadrants against the corresponding PD
values. A1, A2 Scatterplots of the superotemporal quadrant. B1, B2
Scatterplots of the superonasal quadrant. C1, C2 Scatterplots of the
inferotemporal quadrant. D1, D2 Scatterplots of the inferonasal
quadrant. E1, E2 Scatterplots of the temporal quadrant. F1, F2 Scat-
terplots of the nasal quadrant. A1, B1, C1, D1, E1, F1 RPCP

microvascular VD against PD. A2, B2, C2, D2, E2, F2 RNFL
thickness against PD. RPCP retinal peripapillary capillary plexus,
RNFL retinal nerve fibre layer, PD pattern deviation, Q quadrant, Supt
superotemporal, Supn superonasal, Inft inferotemporal, Infn infer-
onasal, Tem temporal, Nas; nasal, VD vessel density. *The P and R2

values of the linear regression models. **The P and R2 values of the
quadratic (second-order) regression models.

3226 H. Yilmaz et al.



as well as with the PSD (P= 0.003 and 0.043, respec-
tively). The superonasal, inferotemporal, inferonasal and
temporal RPCP microvascular VD values were associated
with the PD values of the corresponding quadrants
(P= 0.001, 0.001, 0.002 and <0.001, respectively). The
inferonasal quadrant’s RPCP microvascular VD was also
found associated with the PD of the inferotemporal quadrant
(P= 0.031). However, the RPCP microvascular VD of the
nasal quadrant was not associated with any of the SAP
parameters (P > 0.05, for all).

Discussion

The purpose of this retrospective cross-sectional study
was to investigate whether the RNFL thickness or the
RPCP microvascular VD was better in showing the
structure–function relationship. We compared healthy eyes
with glaucomatous eyes after stratifying VF into six quad-
rants in accordance with the G-H map [13], and we searched
for the associations of VF indices with both the RNFL
thickness and the RPCP microvascular VD. Both

parameters were found to be associated with the sectoral VF
indices in the eyes with glaucoma; however, in almost all
quadrants, the RPCP microvascular VD better fit the sec-
toral VF loss than the RNFL thicknesses.

The OCT scanning of RNFL, ganglion cell complex and
macula has been an important part of the diagnosis and
monitoring of glaucoma for over a decade [7, 24]. However,
SAP remains the gold standard method for this purpose.
The ability to detect progression by SAP and OCT is sig-
nificantly influenced by the stage of glaucoma. While OCT
is the most valuable method for the early stages, SAP is
more useful in the late stages [24]. Iester et al. [10] and
Gunderson et al. [11] both found that the superior and
inferior quadrants are more informative in the diagnosis and
follow-up of glaucoma. These findings are similar to our
study, in which we found that the RNFL thicknesses of all
quadrants, except for the temporal quadrant, were asso-
ciated with the VF loss of the corresponding sector
according to the separate curve-estimating regression
method; however, after the multivariate regression analysis,
the association for the nasal quadrant disappeared while that
of the superotemporal, superonasal, inferotemporal and

Fig. 3 Scatterplots of the glaucomatous eyes’ RNFL thickness and
RPCP microvascular VD for all quadrants against the corre-
sponding PD values. A1, A2 Scatterplots of the superotemporal
quadrant. B1, B2 Scatterplots of the superonasal quadrant. C1, C2
Scatterplots of the inferotemporal quadrant. D1, D2 Scatterplots of the
inferonasal quadrant. E1, E2 Scatterplots of the temporal quadrant. F1,
F2 Scatterplots of the nasal quadrant. A1, B1, C1, D1, E1, F1 RPCP

microvascular VD against PD. A2, B2, C2, D2, E2, F2 RNFL
thickness against PD. RPCP retinal peripapillary capillary plexus,
RNFL retinal nerve fibre layer, PD pattern deviation, Q quadrant, Supt
superotemporal, Supn superonasal, Inft inferotemporal, Infn infer-
onasal, Tem temporal, Nas nasal, VD vessel density. *The P and R2

values of the linear regression models. **The P and R2 values of the
quadratic (second-order) regression models.
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inferonasal quadrants remained. It is known that there is a
significant structure–function relationship between RNFL
and VF [15, 25], but this relationship is not perfect [15]. In
addition, due to the presence of large inter-individual var-
iations, the associations between the RNFL parameters and
SAP indices are limited for prediction [2].

Several studies have investigated the retinal micro-
vascular network in patients with glaucoma and reported that
VD is decreased and retinal blood flow is reduced in the
hemiretina corresponding to the affected hemifield
[19, 20, 26–28]. Yarmohammadi et al. [29] arrived at the
same conclusion with an additional finding that VD
decreased in eyes with glaucoma diffusely, not only in the
hemiretina of the affected hemifield, but also in the intact
hemiretina, which supports the vascular theory of the glau-
coma pathogenesis and underlines the importance of vas-
cular alterations in glaucoma progression. In our study, the
microvascular VDs of RPCP were found to be associated
with the PD values in all corresponding quadrants in the

glaucomatous eyes. However, the association initially found
for the nasal quadrant disappeared after the multivariate
regression analysis. Furthermore, the associations of RPCP
microvascular VDs with PD were greater than those of the
RNFL thickness with PD. This finding suggests that the
microvascular network data are better at defining the
structure–function relationship than RNFL thickness mea-
surements. In the literature, the only study similar to ours
was conducted by Sakaguchi et al. [30] but with two main
methodological differences: first, instead of PD, they used
the sensitivity values obtained from SAP testing for sector-
based comparisons, and second, they utilised two different
devices for scanning VD and RNFL. However, the main
results of the two studies are the same, both showing that the
VD data are much more associated with the sector-based
SAP data than RNFL measurements.

Despite strong associations of the RPCP microvascular
VD with the PD values of the corresponding VF sector in
our study, the structure–function relationship was not

Table 2 The associations of the RNFLT profile with the SAP data in the glaucomatous eyes. (n= 67).

B / 95% CI / P

Global RNFLT RNFLT, supt. q. RNFLT, supn. q. RNFLT, inft. q. RNFLT, infn. q. RNFLT, tem. q, RNFLT, nas. q.

MD 0.689 0.752 0.697 0.675 0.599 0.584 0.556

0.055/1.733 −0.089/2.403 −0.068/2.183 −0.101/1.914 −0.129/1.991 −0.612/1.780 −0.437/1.540

0.035 0.094 0.089 0.103 0.109 0.339 0.272

PSD −1.963 −2.743 −2.803 −4.004 −3.991 −0.272 −0.764

−5.300/0.074 −6.605/0.104 −7.001/0.113 −7.909/0.089 −8.012/0.093 −3.808/3.265 −1.943/0.788

0.064 0.097 0.091 0.081 0.079 0.880 0.372

PD of the supt q. 1.001 1.456 1.211 0.910 0.811 1.002 1.287

−0.432/2.578 0.314/2.768 −0.019/2.718 −0.712/2.089 −0.919/1.789 −0.593/2.653 −0.097/2.781

0.118 0.004 0.056 0.172 0.202 0.174 0.092

PD of the supn q. 0.919 1.197 1.513 0.992 0.912 0.961 0.891

−0.198/2.512 −0.021/2.654 0.579/3.015 −0.645/2.314 −0.707/2.109 −0.642/1.919 −0.421/1.991

0.103 0.061 <0.001 0.171 0.219 0.197 0.231

PD of the inft q. 0.519 −0.213 −0.671 1.412 1.234 −1.075 0.623

−1.191/2.014 −1.314/0.762 −1.909/0.917 0.214/3.101 −0.001/2.896 −3.145/1.876 −0.782/2.009

0.716 0.841 0.794 0.002 0.050 0.219 0.195

PD of the infn q. 0.545 −0.317 −0.661 1.191 1.245 −0.937 0.578

−1.104/3.453 −1.691/0.368 −2.174/0.689 −0.045/2.118 0.104/2.836 −1.998/0.514 −0.692/1.870

0.516 0.419 0.612 0.084 0.012 0.348 0.514

PD of the tem q. 0.739 0.712 0.814 0.401 0.397 2.490 0.941

−1.219/2.697 −1.903/3.123 −1.896/3.451 −2.101/3.356 −1.756/3.001 −0.002/4.982 −0.718/2.601

0.451 0.554 0.505 0.415 0.386 0.050 0.266

PD of the nas q. −0.239 −0.371 −0.425 −1.251 −0.849 0.064 1.215

−1.860/1.389 −2.109/1.500 −2.593/1.216 −3.485/0.701 −3.102/1.318 −2.476/2.604 −0.721/3.459

0.772 0.687 0.571 0.182 0.283 0.961 0.134

Significant P values are shown in bold.

RNFLT retinal nerve fibre layer thickness, SAP standard automated perimetry, B coefficient, CI confidence interval, supt superotemporal, q
quadrant, supn superonasal, inft inferotemporal, infn inferonasal, tem temporal, nas nasal, MD mean deviation, PSD pattern standard deviation, PD
pattern deviation.

3228 H. Yilmaz et al.



perfect. It has been a real problem for ophthalmologists to
obtain the exact structure–function relationship due to the
nature of testing modalities [31]. Several scientists have
developed VF maps to explain this relationship [31–35]. In
this study, we used the map developed by Garway-Heath
et al. [13]. The differences in such maps prove the difficulty
of obtaining the true structure–function relationship. Using
the G-H map, the lowest correlations of the VF points with
the ONH sectors are observed in the nasal quadrant, as
Gardiner et al. [33] found in their study. For this reason, the
authors stated that the structure–function relationship was
not reliable for the nasal sector. This can also be the reason
why the association between nasal quadrant’s RPCP
microvascular VD and the PD of the nasal quadrant was
not significant in this study. Therefore, we consider
that using disc-centred VF testing to reveal the
structure–function relationship can provide more reliable
data in future studies.

This study has several limitations. The first concerns the
retrospective and cross-sectional design, which made it
almost impossible to draw definitive conclusions. Also, as a
result of the retrospective design, we did not investigate the
systemic arterial blood pressure that is very important since
this study is about peripapillary vascular network changes in
patients with glaucoma. In addition, a potential sample
selection bias could be in question because of the retro-
spective design and the limited sample size of this study.
Prospective follow-up studies are needed to provide an
understanding of the role of vascular alterations in glaucoma
pathogenesis and progression. Secondly, we did not stratify
the glaucomatous eyes of the study participants in accor-
dance with the VF loss patterns nor did we exclude eyes with
severe glaucoma. Another limitation is that the fellow eyes of
the sample were accepted as the control group of the glau-
comatous eyes; however, we cannot accept them as com-
pletely healthy since some may have been pre-perimetric

Table 3 The associations of the RPCP VDs with the SAP data in the glaucomatous eyes (n= 67).

B / 95% CI / P

Global
RPCP VD

RPCP VD,
supt. q.

RPCP VD,
supn. q.

RPCP VD,
inft. q.

RPCP VD,
infn. q

RPCP VD,
tem. q,

RPCP VD,
nas. q.

MD 0.398 0.451 0.509 0.395 0.401 0.557 0.301

0.040/0.756 −0.009/0.871 −0.007/0.904 −0.081/0.796 −0.083/0.847 −0.045/0.854 −0.156/0.192

0.030 0.054 0.061 0.102 0.114 0.453 0.098

PSD −0.833 −1.391 −1.345 −1.216 −1.219 −0.428 −0.815

−1.981/0.003 −2.278/-0.009 −2.108/0.014 −2.489/0.056 −2.577/0.032 −1.235/0.379 −2.059/0.398

0.049 0.043 0.052 0.061 0.071 0.291 0.472

PD of the supt q. 0.314 0.882 0.784 −0.198 −0.214 −0.061 0.232

−0.245/0.801 0.225/1.493 −0.009/1.117 −0.843/0.476 −0.910/0.315 −0.331/0.446 −0.245/0.701

0.309 0.003 0.062 0.490 0.455 0.685 0.341

PD of the supn q. 0.299 0.701 0.904 −0.151 −0.182 −0.062 0.233

−0.258/0.819 −0.002/1.252 0.341/1.507 −0.899/0.686 −0.904/0.599 −0.349/0.146 −0.377/0.802

0.314 0.059 0.001 0.701 0.687 0.686 0.471

PD of the inft q. 0.298 −0.332 −0.402 1.023 0.998 −0.281 0.231

−0.203/0.801 −0.891/0.311 −1.173/0.349 0.465/1.582 0.021/1.497 −0.667/0.132 −0.374/0.891

0.211 0.239 0.352 0.001 0.031 0.221 0.322

PD of the infn q. 0.333 −0.299 −0.194 0.807 1.105 −0.222 0.280

−0.191/0.924 −0.873/0.299 −0.683/0.176 −0.023/1.401 0.343/1.707 −0.576/0.132 −0.263/0.812

0.262 0.301 0.388 0.073 0.002 0.214 0.314

PD of the tem q. 0.508 −0.119 −0.208 0.205 0.223 1.682 0.225

−0.165/1.181 −0.915/0.577 −1.102/0.605 −0.603/1.091 −0.722/1.342 1.118/2.246 −0.622/1.072

0.136 0.712 0.659 0.556 0.495 <0.001 0.596

PD of the nas q. −0.287 −0.081 −0.100 −0.803 −0.687 −0.476 −0.079

−0.835/0261 −0.703/0.644 −0.841/0.992 −1.042/0.115 −1.003/0.214 −0.530/0.057 −0.604/0.762

0.267 0.850 0.813 0.102 0.238 0.135 0.817

Significant P values are shown in bold.

RPCP retinal peripapillary capillary plexus, VD vessel density, SAP standard automated perimetry, B coefficient, CI confidence interval, supt
superotemporal, q quadrant, supn superonasal, inft inferotemporal, infn inferonasal, tem temporal, nas nasal, MD mean deviation, PSD pattern
standard deviation, PD pattern deviation.
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glaucomatous. Accordingly, the VDs and RNFL thicknesses
of truly healthy eyes may provide different results compared
to the evaluation of fellow eyes. Therefore, future studies
with healthy control groups are needed. In addition, our
results would have been much more reliable if we had ana-
lysed only the eyes with localised VF loss and sought
associations of VF with the VD and RNFL thickness of the
corresponding sector. Lastly, we did not analyse the effects
of glaucoma and systemic medication used by the patients.
These medications could alter the microvascular circulation
of the retina, and therefore it may have affected our results.

In conclusion, the microvascular VD of RPCP was more
informative in terms of the structure–function relationship
in POAG. However, our suggestions are subjective due to
lack of statistical analysis that could actually compare
the performance of RNFL thickness and RPCP micro-
vascular VD. Although, similar to the RNFL thickness, the
relationship of the structural RPCP microvascular VD
with functional SAP testing was not perfect, OCT-A is a
promising tool that can assist in the clinical management
of vascular alterations in glaucoma, and it can theoretically
improve our understanding of the pathophysiology of the
disease, especially its underlying vascular mechanism.

Summary

What was known before

● The associations of the RNFL thickness with VF indices
have been found to be stronger only in the inferior and
superior quadrants, and RNFL analysis was not perfect
in terms of showing structure–function relationship
in POAG.

What this study adds

● The microvascular VD of RPCP was more informative
than RNFL thickness in terms of the structure–function
relationship in POAG. However, the relationship of
RPCP small VD with VF testing was also not perfect, as
it was with the RNFL thickness.
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